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ABSTRACT 
An electrophoretic survey of 16 enzyme loci in nine of 
the eleven British Nemouridae (Insecta: Flecoptera) was 
carried out in order to assess their systematic relationships 
and to determine the level of genetic variation in these 
primitive insects. The species screened were Nemoura 
cinerea. ~. cambrica. N. dubitans, N. avlcularis, Nemurel la 
plcteti, Frotonemura meyeri, F. praecox, Amphinemura 
sulcicol I is and A. standfussi. The Nei genetic distances 
between al I the species are large, ranging from 0.53 to c.07, 
and are consistent with the proposed ancient origin of these 
species. The phylogeny derived using biochemical characters Is 
in agreement with the taxonomic classification of this fami Iy 
based on morphological features. The amount of variation 
within each species is smal I, with anoveral I mean expected 
heterozygosity per locus of 0.0~7, mean proportion of 
polymorphic loci of 0.1~6 and mean number of al leles per locus 
of 1.c5. A reasonable explanation for these low levels of 
variabi I ity in comparison with most other insect species Is 
that variation has been lost during periodic population 
bottle-necks. An electrophoretic key for the identification of 
these species was devised. 
The influence of stream water acidity on genetic 
variation was investigated by comparing allele frequencies at 
four polymorphic loci (Aminopeptidase 1, FhosphogI ucose 
Isomerase, Fhosphoglucomutase and Hexanol Dehydrogenase - 1) 
in populatlons of Nemoura cinerea from streams with different 
pH's. There was a clear difference at the HDH-1 locus between 
upland, acid streams and lowland circum-neutral streams with 
the 90 allele only present in the latter. The results from 
acute toxicity tests showed that there was no difference in 
tolerance to low pH of nymphs from alkaline or acid streams. 
The 96 hour LC-50 ranged from pH c.96 to pH 3.cc. No 
difference was found between the genotypes of survivors or 
those ki I led in the toxicity tests. 
Differences in I ife-history characteristics of two 
populations of ~. cinerea from the same catchment were 
investigated and appeared to result from differences in the 
thermal budget at each site rather than a'difference in pH. 
Low pH did not appear to have any effect on the rate 
of oxygen .uptake of N. cinerea which was around 1000 ~l/g dry 
we i ght/hr. 
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CHAPTER 1 
GENERAL INTROOUCTION 
In recent years there has been growing publ ic concern 
as reports of widespread serious pollution caused by acid 
rain have appeared In the media. However. as Cowl ing (19BO) 
and others (Last and Nicholson.19Be; Franks.19B3) have pointed 
out: this is hardly a new phenomenon. and the term "acid rain" 
was first used by Smith (1B7e) in his study on regional 
variation In precipitation chemistry in Britain. 
Generally. "acid rain" is taken to mean precipitation 
(rain. hai I. snow and fog) with a pH of less than 5.6 (the pH 
of di st i I led water in equ i I i br i um with atmospheric 
concentrations of carbon dioxide). Precipitation becomes 
acidic when moisture in the atmosphere combines with sulphur 
'* dioxide (50 2 ) and nitrous oxides (NO x ) to form sulphuric and 
nitric acids. 
Natural sources of sulphur and nitrogen compounds 
exist which can cause a significant decrease In pH 
(acidification) of atmospheric water (Charlson and 
Rodhe .19Be). These include hydrogen sulphide. ammonia and 
nitrous oxides from biological decay and soi I reactions. and 
sulphates from sea salts. Volcanoes also provide a source of 
sulphur and nitrous oxides. 
In the Industrial regions of the northern hemisphere. 
however. anthropogenic emissions can equal those from natural 
sources, causing further acidification (Oovland. Joranger and 
5emb.1976). The main producers of 50 2 are power stations. 
smelters and refineries. Nitrous oxides are also emitted from 
1 
> 
these sites, but another main source is from the exhaust fumes 
of motor engines. 
Some complex chemical processes are thought to be 
Involved in the formation of sulphuric and nitric acids in the 
atmosphere. These Include photochemical oxidation and 
ox i dat Ion of the gases di~o I ved in water drop I ets or adsorbed 
to solid particles. Therefore the longer the gases remain in 
the air, the greater the chance that they wi I I combine with 
water to form acids and return to earth as "wet deposition". 
Fa I I-out of the uncomb i ned gases I s termed "dry depos i t Ion". 
This too wi II cause acidification if it combines with surface 
water. Dry deposition can often contribute more sulphur and 
nitrogen than wet deposition (Fowler,1980). Hence the term 
"acid deposition" is a more accurate description of this 
po I I ut i on phenomenon than "ac i d ra i n" . 
Several researchers in both Europe and North America 
studied Isolated aspects of atmospheric and surface water 
chemistry during the first half of this century. However it 
was only In the 1950's that Gorham establ ished that acidity in 
precipitation was correlated with industrial sources of 
pol lut ion, and seemed to have Influenced the chemistry of 
lakes, bogs and 50115 (Gorham,1955,1958 and 1961) . 
Unfortunately, like Smith's work a century earlier, the 
Implications of this were not recognised and acted upon. 
It was Oden In 1968 who stimulated wider concern over 
pollution by acid deposition. His analyses of rainwater 
chemistry data showed that both precipitation and surface 
waters in southern Sweden were becoming more acidic. This was 
attributed to long range transport of sulphur and nitrous 
oxides emanating from outside Sweden in the Industrial 
2 
countries of Europe. Dden also hypothesised that the probable 
ecological consequences would be a decline In fish populatlons 
and decreased forest growth. 
These conclusions and hypotheses led to an upsurge in 
research activity In this field both In Europe and North 
America. The Norwegian government provided the main Impetus by 
establishing the "SNSF Project" In 1972 with an annual budget 
of over one mi I lion pounds. 
The results of this project 
Orablos and Tollan,19BO) together 
(Dverreln et ~,19BO: 
with other extensive 
research (noteably the DEeD Study on the Long Range Transport 
of Air Pollutants,1977), have confirmed some of Dden's 
hypotheses. The transport of pollutants over long distances 
has been demonstrated in Europe and North America, and 
precipitatl~n has been shown to have become more acidic over 
the last two decades in several areas (Oovland et ~,1976: 
Mathews et ~,19BO: Loucks, 19B2). This increase in acidity 
parallels the dramatic rise in SO. and NDx production that has 
taken place over the same time period (Oovland and Semb,19BO: 
Br i mb I ecombe and Stedman ,1962). 
The adverse effects accredited to acid deposition 
include corrosive damage to bui Idings and monuments, and the 
release of copper and lead from water pipes into drinking 
water supp I I es (Glass et ~,1962). However, the probable 
effects on aquatic ecosystems and on crop and forest growth 
have received the greatest attention. In these cases local 
geology is the principal factor determining which areas are 
sensitive to acidification. Sensitive areas are ones with 
weathering resistant rocks such as granites and shales. Here 
the overlying soi Is are thin and deficient In bases (calcium 
3 
and magnesium) giving poor buffering capacity. Slmi larly the 
surface waters have a low ionic concentration and poor 
resistance to changing pH. 
The afforestation of upland catchments has been shown 
to cause acidification of streams in some areas of Scotland 
(Harrlman and Morrison. 196c). However. it is unclear whether 
this is attributable to the trees collecting more acid 
pollutants than natural upland vegetation. the removal of 
bases from the soil into the vegetation coupled with hydrogen 
ion production during tree growth and litter decay. or to 
changes in the hydrology of the catchment brought about by 
modern planting techniques. 
Several reports have been made on the die-back and 
decline of forests In both Europe and North America 
(Toml inson.1963;Johnson and Siccama.1963; Acid News. 196~). 
where hundreds of thousands of hectares of conifers are 
affected. This could have serious economic as wel I as 
environmental impl ications. However. a universally accepted 
mechanism by which acid deposition can cause forest decl ine 
has yet to be establ ished. 
One widely accepted theory was proposed by Ulrlch 
(1960). He postul~ted that acid deposition acidifies the soi 
leading to increased concentrations of aluminium In the sol 
water. High aluminium concentrations are thought to be toxic 
to plants •. affecting root growth and interfering with the 
uptake of essential 'calcium and magnesium ions. However. not 
al I scientists accept that this is the real cause of the 
observed forest decline. The absence of tree damage In many 
areas subjected to acid deposition (most noteably Scandinavia) 
suggests that other factors may be involved. In particular 
~ 
dlrecc damage co foliage by ozone, produced by phocochemlcal 
oxldaclon of ND x , appears co be more Imporcanc chan was 
formerly recognised. 
The evidence I Inking acid deposlclon co discurbances 
of freshwater ecosystems is f.ar more compe I I I ng. Dden's 
hypothesis on decl inlng fish populacions was based on earlier 
observations of fishery losses in Scandinavia (Dannevlg, 
1959). Today, chousands of lakes and rivers in Souchern Sweden 
and Norway are choughc to have lost cheir fisheries since che 
beginning of chis cencury (Dverein ec ai, 1980). Simi lar 
losses have been reported from Canada (Harvey, 1980; Wacc ec 
~, 1983) and che United Scaces (Schofleld, 1976; Pfelffer and 
Festa ,1980). In many cases a concurrenc reduce ion In pH has 
been recorded. 
Experimental work has shown chat egg hatching and 
early growch is severely affected at pH's commonly found where 
fish stocks have been lost (8rown, 1981; Peterson ec al ,1980; 
Swarcs et ai, 1978)., This indicaces chat recruicmenc fai lure 
Is the main cause of scock declines. 
Studies on adult fish (Dickson, 1978; 8aker and 
Schofleld, 1980) and Investigations of situations where 
flsh-ki I Is have been observed (Muniz et ~, 1975, 1979; Grahn, 
1980) show that aluminium toxiCity is often a major factor In 
adult mortal Icy. The aluminium is leached from acidified sol Is 
In the catchment (Cronan and Schofield, 1979). Fish die due to 
mucus production at the 91 I Is which interferes wich ionic 
regulation and oxygen uptake (Muniz and Lelvescad, 1980). 
Acidification of freshwaters has also been shown to 
cause a reduction in diversity of the plant (Hendrey ec ~, 
1976) and invertebrate communities (6utcl iffe and Carrlck," 
5 
1973: Hendrey and Wright. 1976: Fiance. 1978: Hal I et ~. 
1980). This is due to the loss of acid sensitive groups such 
as molluscs and crustaceans. leaving a few tolerant species 
(Overein et ~. 1980). These tolerant species have often only 
been identified from large scale surveys where presence or 
absence data is taken to imply tolerance. Relatively few 
laboratory experiments have been performed to determine 
tolerance I imits in invertebrates (Singer. 1981). However. the 
studies that have been made indicate that. as in fish. 
mortality Is due to a fal lure of Ionic regulation and. 
perhaps. oxygen uptake (Vangenechten and Vanderborght. 1980: 
Havas. 1981: Raddum and Steigen.1981: AI Ibone and Fair. 1981). 
Several researchers have found that different 
populations of fish differ In their abl I Ity to withstand 
experimental acidification (GJedrem. 1976: Swarts et ~. 1978; 
Rahel. 1983). These differences in tolerance were shown to be 
heritable and thus had a genetic basis. 
One of the main aims of this study was to look for a 
simi lar genetic difference between populations of an aquatic 
invertebrate. Nemoura cinerea (Insecta: Plecoptera). However. 
rather than looking for heritable differences in tolerance to 
low pH. electrophoresis was used to measure genetic variation 
betweenpopulations inhabiting acid or circumneutral streams 
and thus reveal any correlations between genotype and stream 
acidity. N. cinerea was chosen because it is widely 
distributed and can be found in a range of streams with 
different acidities 
pers. obs.) 
in Britain (Elton. 1956; Hynes. 1977: 
It was thought that an investigation such as this 
would be of value to those examining the effects of acid 
6 
deposition on a~uatlc environments since, as Last and 
Nlcholson (1982) pOint out, few studies have been made in the 
Un i ted Kingdom. However, this part of the Investigation wi I I, 
perhaps, be of greater Interest to population geneticists as a 
survey to determine if genetic variation has been influenced 
by environmental parameters. 
Electrophoresis is a techni~ue for the identification 
of genetic variation at gene loci coding for proteins, 
especially soluble enzymes. Mutations causing a change in the 
net charge carried by a protein molecule can be detected from 
their different rates of migration through a gel medium 
(usually starch, agar .or poly-acrylamlde) when an electric 
potential is appl led across the gel. After several hours, the 
positions of the variants of individual protein loci can be 
made visible by staining the gel 
histochemical stain. 
with the appropriate 
The techni~ue was first used in the 1960's by 
Lewontin and Hubby (1966) and Harris (1966). These, and 
subse~uent studies, have revealed that high levels of 
variation are present at the molecular level in most 
populations of outcrossing species, with 25-50 % of the loci 
examined being polymorphic per population and 5-15 % 
heterozygous per individual (5e I ander , 1976) . Genera I I y, 
Invertebrate species have been found to be more variable than 
vertebrates (Nevo et ~, 198~). Electrophoresis detects only 
those genic substitutions that cause a difference in the ionic 
charge carried by the proteins. Since only about 26-28 % of 
substitutions cause a change in charge (Lewontin, 197~), the 
measures of polymorphism must be an underestimate of the 
total variation. This has been highl ighted further by the 
7 
). 
discovery of more extensive 'hidden' variation when gel, 
buffer, pH and temperature conditions are varied in 
electrophoresis (Coyne, 1976: Singh et ~, 1976), 
The discovery of the high levels of molecular 
variation led to the sti II unresolved debate over how this 
variation is maintained within a population, and what Is its 
adaptive significance, The debate is often termed the 
'neutral ist - selectlonlst controversy', though proponents of 
both schools of thought appear to dislike the labels 
(Lewontin, 197~: Kimura, 1983), It really is an extension of 
the arguments that had dominated population genetics theory 
for the previous twenty years. These were categorised by 
DobzhanskY (1955) as the 'classical' and 'balance' hypotheses, 
The main point of contention was over the role played by 
natural selection in evolution. 
The classical theory, ascribed to Muller (1950) and 
his co-workers, saw selection acting In the way proposed by 
Darwin (1859), purifying the species of deleterious mutations 
and leading to the fixation of the fittest genotype. As a 
consequence I t was thought that individuals in sexual I y 
reproducing populations would be homozygous for a 'wi Id-type' 
allele at almost al I their I oc i • In contrast, the balance 
theory (Dobzhansky, 1955: Wal lace, 1958) proposed that natural 
selection acted not only to remove genetic variation by 
'directional 
to promote 
selection' against deleterious mutants, but also 
and conserve variation through 'balancing 
selection' (heterosis or frequency-dependent selection), This 
would lead to Individuals being heterozygous at nearly al I 
their loci, 
The observations from electrophoretic investigations 
8 
and from other techniques employed by molecular geneticists, 
such as amino-acid se9uencing of proteins and, more recently, 
DNA analysis, which have also revealed extensive 
polymorphlsms, appear to support the predictions arising from 
the 'balance' hypothesis rather than the 'classical' 
hypothesis, However, proponents of the classical school have 
maintained their view that balancing selection is relatively 
unimportant In evolution by 9uestioning the biological 
significance of the molecular variation revealed by these 
techni9ues, 
The new hypothesis is based on theoretical arguments 
developed bya number of authors (Kimura and Crow, 196~; King 
and Jukes, 1969 ; and Kimura and Ohta, 1971 a,b,c). They 
propose that the majority of the molecular variation has no 
effect on the fitness of an organism. The alternative 
, 
varieties, or al leles, at any locus are selectively e9uivalent 
(neutral) so that their fre9uency within a population or 
species is largely determined by mutation rates and random 
genetic drift. Hence this theory has been termed the neutral 
mutation - random drift hypothesis, or neutral theory in short 
(Kimura, 1963) , and adherents to this theory are cal led 
'neutral ists', Proponents of the opposing school of thought, 
the 'balance' school, are now referred to as 'selectionists'. 
Much of the debate has centred on mathematical 
considerations of the predictions made from models proposed by 
both schools of thought, using data from experimental 
observations (see Lewontln, 197~ and Kimura, 1963). However, 
all the models depend on parameters that cannot be measured 
with sufficient accuracy and thus are difficult to falsify, 
Neutral theory rei les on estimates of mutation rates and 
9 
effective population size: selectionist models are greatly 
influenced by estimates of fitness and migration rates. AI I 
depend on estimates of gene frequencies in natural populations 
which involve sampl ing errors (Lewontin, Hence, 
arguments for both view points can often be made from the same 
observations giving firm evidence for neither. 
The failure of these mathematical attempts to resolve 
the controversy has led many geneticists to bel ieve that, 
In the absence of a statistical test with sufficient resolving 
power. the accumulation of direct experimental evidence is 
the most useful way to settle the debate (Nevo et ~, 19B~: 
Shorrocks, 197B: Clarke, 1975). One way of providing this 
evidence is to carry out an extensive survey of populations 
such as the one reported here. Any correlations of genetic 
variation with environmental parameters would provide a strong 
indication that selection of some kind has occured and be 
difficult to interpret from a neutral ist view. As shown 
earlier, acidification of fresh waters can have very severe 
ecological effects and has already been implicated as the 
selecting factor producing acid tolerant strains of fish. 
A number of studies have revealed significant genotype 
environment associations in a range of organisms. For 
example, Schopf and Gooch found a cline in the 
frequency of a leucine-aminopeptidase allele in Bryozoans 
associated with a 6°C change in August water temperature. 
Johnson (1971) discovered correlations in an allele frequency 
cl ine for lactate dehydrogenase in the crested blenny with 
temperature. oxygen concentration and the Incidence of another 
blenny. Several studies have found correlations between allele 
frequencies at the leucine-aminopeptidase locus in Mytl Ius 
10 
edulis and salinity (Koehn et ~, 1~76; Lassen and Turano, 
1~7B; Koehn ~ ~, l~BO), Place and Powers (1979) found an 
allele frequency cllne associated with temperature at the 
lactate dehydrogenase-B locus in the fish Fundulus 
heteroclltus on the Atlantic Coast of the USA, Hoffman (1~B1 
b) found that both phosphoglucose isomerase and 
phosphoglucomutase showed cl inal variation in the anemone 
Metridlum senile wi th an apparent association with 
temperature. Smith ~ ~ (19B3) found significant correlations 
between several loci in the mosqultoflsh and temperature, flow 
and elevation. 
Correlations between temporal changes in allele 
frequency and an aperiodic feature of the environment, or 
repeatable cyclic fluctuations In allele frequency would also 
provide .trong evidence that selection can influence molecular 
variation (Lewontin, 197~), In one case, Berger (1~71) found 
that the 'slow' allele at the «-GPDH locus in Drosophila 
melanogaster doubled in four populations from June to November 
in two different years. In the present study, samp I es of N. 
cinerea were taken from some sites In the Peak District 
through-out a three year period in order to detect possible 
temporal changes in gene frequencies. 
Although correlations between allele frequencies and 
spatial or temporal differences in the environment provide 
evidence that natural selection rather than random drift has 
Influenced 
themselves 
the frequency distribution, they do not In 
Indicate that selection is acting directly on the 
loci being observed. They may be carried along by linkage to 
other loci which are the real target of selection (Clarke, 
1975) . This problem can only be overcome by demonstrating 
11 
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biochemical and physiological differences between the 
.enzymatic products of the al leles consistent with the proposed 
selective agent. Koehn et al (1980) demonstrated that allele 
frequency cl ines in Myti Ius edul is were probably due to 
functional differences in response to salinity between the 
aminopeptldase-l al leles. Hoffman. (1981·a) showed that there 
were significant differences in the activities of 
phosphoglucose Isomerase allozymes in Metrldlum which could 
explain the observed frequency distribution In populatlons 
along the northeast coast of the United States. 
In some cases inter-specific comparisons have been 
used to test selectionist theories in which the amount of 
genetic variation that can be supported in any situation is an 
adaptive strategy to Increase the mean population fitness in 
spat I o-tempora I Iy heterogeneous environments (DobzhanskY· 
1951) . Perhaps the most popular of these is the niche-width 
variation hypothesis (Van Valen. 1965). This expects there to 
be a positive correlation between niche-breadth and genetic 
variabi I ity. The grain theory (Ludwig. 1950; Levins. 1966; 
Selander and Kaufman. 1973) has essent i a I I y the same 
pred i ct ions. Several electrophoretic comparisons between 
broad-niched and narrow-niched species have supported the 
theory (Avise and Selander. 1972; Levinton. 1973; Nevo. 1976; 
Lavie and Nevo. 1981; Lacy. 1982). However. the expectation 
that deep-sea fauna from a stable. monotonous environment 
would have low variation was not fulfl I led (Gooch and Schopf. 
1972: Ayala and Valentine. 197~). This leadsto an alternative 
explanation. the time divergence hypothesis. which predicts 
that constancy of environmental parameters. such as trophic 
resources. promotes allelic diversity. Arrays of morphs are 
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produced. each best at exploiting a narrow niche. so 
Intra-specific competition Is reduced. Genetic uniformity ·Is 
predicted in unstable environments because a generalised 
genotype would be better adapted to cope w.ith uncertainty 
(Valentine. 1971; Ayala and Valentine. 197~; Valentine 1976; 
Valentine and Ayala. 1975). 
Perhaps the main application of electrophoretic 
techniques has been to measure the amount of genetic 
different.i at ion between related species. Phylogenles or 
species relationships can then be Inferred from this 
information. The· advantage that electrophoresis has over 
classical morphological characters for deriving phylogenies is 
that proteins. as primary translations of the genetic code. 
are Iltt le influenced by environmental factors. allowing 
simi laritles and differences to be treated in a more rigorous. 
numerical way (e. g. Ne i • 1972) . Electrophoresis has also 
proven to be of particular value in the identification of 
cryptic species that have defied systematic analysis by 
standard morphological criteria (Hanken. 1983). In some cases 
a biochemical identification key has been devised (8uth. 
1979; 8erlocher. 1980). However. the technique is I imited to 
comparisons between taxa of lower status than fami ies as the 
I ikely number of gene substitutions accumulated since such 
distantly related species shared common ancestry is too great 
(Aya I a. 1983). 
Whi 1st the main emphasis of· this thesis is on the 
biochemical genetics of the Nemourldae and especially on 
variation between populatlons 
most widespread species. data from 
broader effects of environmental 
.< 
of Nemoura cinerea. the 
investigations into the 
acidity on the ecology of 
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streams are also presented. The abi I Ity of N.cinerea to 
tolerate conditions nf low pH has been examined by 
resp i romet,ry and acute tox i city tests. prov I d i ng phys i 0 I og i ca I 
evidence to complement the genetic studies. By 
electrophoreticatly screening the animals used in the toxicity 
tests. it was hoped that any differential survival of 
individuals with a particular genotype could be detected. The 
Influence of low pH on the respiration of N. cinerea was 
investigated because. although a reduction of oxygen uptake 
leading to eventual mortality at low pH has been demonstrated 
in fish (Havas. 19B1). only ona study appears to have been 
made on the effects of acid per se in 
and Fair. 1981). 
invertebrates (Alibone 
The main aims of this investigation were. therefore 
I) To determine the amount of molecular genetic variation in 
the nemourid stoneflles (Plecoptera) In Britain and to examine 
the genetic rel.tlonships between species using enzyme 
electrophoresis. 
i I) To study the effect of stream acidity on genetic variation 
in Nemoura cinerea. the most widespread species of the British 
Nemouridae. 
ill) To investigate the response of N. cinerea to acid stress 
through respirometry and acute toxicity tests in the 
laboratory. and through comparisons of I ife-history in natural 
populations. 
1't 
CHAPTER TWO 
MATERIALS AND METHODS 
2.1.Experimental Organisms 
The Plecoptera form one of the most primitive extant 
orders of winged insects. In Britain, there are thirty-two 
species (two other species in Hynes' key (1977) are described 
as being of uncertain British status). The Nemouridae, with 
eleven species in four genera, is the largest British 
'stonefly' family. The nymphs of species in two of the genera 
are characterised by the possession of prosternal gi I Is, 
whilst nymphs of the other two genera are gill-less. The 
following is a species I ist of the British Nemouridae 
Nemoura cinerea (Retzius).Plate 2.1. 
Nemoura cambrica (Stephens) 
Nemoura dubitans (Morton) 
Nemoura avicularis (Morton) 
Nemoura erratica (Claassen) 
Nemurella picteti (Klapalek) 
Protonemura meyerl (Pictet).Plate 2.2. 
Protonemura praecox (Morton) 
Protonemura montana (Kimmlns) 
Amphinemura standfussi (Ris) 
Amphinemura sulcicol I Is (Stephens) 
GILL-LESS 
GILLED 
AI I Nemouridae take one year to complete their 
ife-history in Britain - a 'univoltine' life-cycle. The 
aquatic nymphal phase is the longest - I ived stage and is, 
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therefore, the most important in their ecology. Generally, 
nymphs hatch from eggs in late summer/early autumn. They grow 
steadily through the winter months, moulting many times. The 
exact number of instars Is uncertain, being influenced by 
temperature and sex (Khoo, 196~). They are herbivorous, 
feeding mainly on al lochthonous material or vegetation growing 
on the stream bed. 
Most nymphs reach maturity in the period extending 
from March through to August. They crawl out of the water on 
to the banks or exposed boulders in the stream and, after a 
final moult, adult stonefl ies emerge (Plate c.3.). 
Adults I ive for a relatively short time (from two to a 
maximum of fifty days (Hynes,19~c». They are poor fl iers and 
are rarely found far from the water from which they emerged. A 
few days after mating the females extrude an egg mass which is 
carried on the under-side of the tip of the abdomen. The eggs 
are then deposited on the surface of the water and have 
attachment mechanisms to anchor them to the stream bed where 
they take several weeks to develop (Khoo, 196~). 
The nymphs are intolerant of pollution and are mainly 
confined to headwater streams where they often dominate the 
benthic macro-invertebrate fauna. Noteable exceptions are 
Nemoura avicularis, which is mainly found on the shores of 
unpolluted lakes or sluggish streams with emergent vegetation 
(Hynes, 1977), and Nemoura cinerea (and to a lesser extent 
Amphinemura sulcicol I is) which occur in organically rich 
lowland streams as wel I as in upland areas (Brinck. 19~9, 
Hynes, 1977; personal observations). 
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2.2.Col lectlng Sites and Collecting Methods 
2.2.1.The Derbyshire Peak District 
The Peak District of Derbyshire around Snake Pass was 
chosen as the initial sampl ing area because earl ier work had 
shown that acid streams could be found there (Brown & Martin, 
19BO). The acid streams drain peat bogs that blanket the flat 
summit of Kinder Scout and the surrounding peaks. Peat is a 
very acid soi I due to humic and organic acids being formed as 
vegetation slowly decomposes. This means that rain fal I ing in 
this area wi I I not be neutra I i sed bef·ore enter i ng stream 
channels and may be acidified further by organic acids being 
flushed out of the peat. The latter causes the brown 
discolouration of stream water that is common in this area. 
In addition to the natural source of acidity in the 
peat.. the rainfall here is itself acidic (Brown & Martin, 
19BO; Ferguson & Lee, 19B3) . This area of the south Pennines 
I ies at the centre of the region where the industrial 
revolution started over two hundred years ago. Evidence from 
the dramatic decline of Sphagnum mosses In the bogs, together 
with records of air and rain pollution measured in the nearby 
industrial towns since before the start of the century, 
i nd i cates that th i s area has probab I y been exposed to dam·ag i ng 
levels of atmospheric pollution for longer than any other 
area In the world (Ferguson & Lee, 19B3). It is, therefore, 
an obvious place to look for evidence of the impact of acid 
deposition on the environment. 
There are no historical data concerning trends in 
stream water acidity. Today, however, these headwater streams 
are typical of acidic streams found in areas where acid 
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deposition is reported to have caused environmental problems 
over the last few decades (Drablos & Tol lan, 1960). No fish 
are present and the invertebrate fauna is less diverse than 
that of more neutral streams, with a few species of Plecoptera 
being dominant in numbers for most of the year. 
e.e.e.Col lectlng Methods 
Invertebrates were collected by the kick-sampl ing 
technigue (Morgan & Eggl ishaw, 1965) using a hand held 1 
mi I I imetre mesh net. During late summer and autumn, an 
additional fine mesh net (e50 ~m) was used to collect early 
instars. AI I parts of the stream (riffle, pool, edge, centre 
and vegetation) were sampled to ensure, as far as possible, 
that all species present were collected. Adult stonefl ies, 
when present, were collected from the undersides of boulders 
protruding out of the water, using a pootah. Samples were 
returned to the laboratory, or temporary base, for sorting and 
Identification. When necessary, animals were stored frozen at 
-eOOC prior to use for electrophoresis. 
The results of the early electrophoresis indicated 
that N. cinerea would be the most suitable species for 
inter-population comparisons, due to its greater 
electrophoretic varlabi I Ity than the other Nemouridae. 
Furthermore, it was found in both acid and cl cumneutra I 
streams in Derbyshire and was reported to be one of the most 
widespread species (Hynes, 1977). The Peak District streams 
known to contain N. cinerea were kept as regular sampling 
sites to investigate temporal changes In genetic variation and 
for I ife-history comparisons. These streams also provided a 
( 
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plentiful supply of specimens for laboratory experiments. In 
addition sampl ing was extended to encompass other areas of 
Britain, both to Increase the number of populatlons In the 
survey, and to collect species not found In the Peak District 
for an inter-specific electrophoretic comparison within the 
Nemourldae, Most sampling trips were to locations studied by 
previous investigators (Hynes, 1952,1961: Elton, 1956: Brown, 
Cragg & Crisp, 196~: Langford and Bray, 1969: Fawcett, 1971: 
Casey & Ladle, 1976: Maitland et ~, 19B1; Wade & Rhodes, 
1982) though some were to areas where previous invertebrate 
surveys have not been reported, The sites which provided 
specimens for electrophoresis are I isted in Table 2,1. Their 
locations are indicated on Figure 2.1. 
2.2.3.Water Analysis 
At every site visited, a water sample was collected in 
a 500 ml Ili litre screw-top plastic bottle. Immediately on 
returning to the sampl ing base, the pH and conductivity were 
measured. The pH was measured using a Radiometer PHMBO pH 
meter with a GK2~01C combined electrode. The conductivity was 
measured at 200 C using a Radiometer CDMBO conductivity meter 
with a CDC10~ electrode. When possible the samples were 
analysed further to determine concentrations of calcium, 
magnesium, sodium and potassium ions using a Hi Iger and Watts 
Hl170 'ATOMSPEK' atomic absorption spectrometer. 
( 
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2.3.Annual Growth Patterns 
2.3. 1. Measurements of Growth 
Whilst collecting invertebrate samples In the Peak 
District. it was noticed that the life-history of Nemoura 
cinerea appeared to be si ightly different at two sites In the 
same catchment. The sites were Thomasons' Hol low and Lady 
Clough (indicated by arrows in Figure 2.2.). Thomasons' Hol low 
is a headwater stream at ~57 metres above sea level and has a 
low pH al I year round. Lady Clough Is a higher order stream. 
further down the catchment at 321 metres above sea level. and 
has a varying pH dependent on the conditions of flow (Brown & 
Martin. 19BO). Adult emergence appeared to be delayed"at 
Thomasons' Hol low relative to Lady Clough. so that nymphs 
could be collected for two to three months after they had 
disappeared from the bottom fauna at Lady Clough (in June). 
A monthly sampling programme was undertaken to study 
this difference in I ife-history timing. Each month. twenty 
nymphs (or as many as possible when the total collected was 
less) from each sample were measured using a Zelss binocular 
microscope fitted with an eye-piece graticule. Three measures 
were taken ( Figure 2.3.) : 
a) Total body length (excluding cerci and antennae) 
b) Head-capsule width 
c) Hind tibial length 
For adult files. the body-length measurement was 
replaced by the length of the forewing. 
( 
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e.3.e.Temperature Measurement 
Temperature has been found to be an Important factor 
In control ling growth and emergence patterns In Plecoptera 
(Nebeker & Gaufln, 1967: Nebeker, 1971: Hynes, 1976) . 
Temperature readings were taken, at the time of sampling, with 
a mercury in glass thermometer. However, such spot readings 
are of limited value since they cannot be representative of 
the actual temperature regime of the stream (Macan, 1958a). 
To overcome this problem of measuring the long term 
temperature patterns in remote sites, a method based on a 
control led chemical reaction was used (Ashworth, 1980). This 
employs the acid hydrolysis reaction of potassium ethyl 
xanthate 
dependent. 
solution (KEtX) which is strongly temperature 
A known weight of KEtX (0.5 gramme) is allowed to 
hydrolyse in an aqueous buffer solution (50 ml II i I itres) in a 
bottle, left in situ for the measurement period. Then nickel 
sulphate solution Is added to precipitate the remaining 
xanthate as the insoluble nickel salt. After fi Iterlng and 
drying, the weight of the salt Is converted to a corresponding 
mean temperature by reference to a cal ibrationcurve obtained 
at known constant temperatures in the laboratory. 
." The pH of the phosphate buffer solution was increased 
from pH 6.e to pH 7.2 to increase the reaction time from one 
to ten weeks, in accordance with the recommendations in 
Ashworth (1980). 
Three repl icate bottles were firmly anchored to the 
stream bed at each site, in a position that ensured a constant 
covering of water for the ten week measuring period. 
( 
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The reaction mixtures were made up in the laboratory 
and transferred to and from the Peak District in a cooled Ice 
box to prevent any variations in heating during 
transportation. 
2.~.Electrophoresis Techniques 
Whole animals were ground up individually with 1~2 
drops of 0.02 M Tris-HCI buffer pH B.O in a 2~ wel I perspex 
block using a hand-held glass rod. The homogenate was either 
absorbed on to smal I squares of What man No.3 fl Iter paper for 
starch-gel electrophoresis, or mixed 1:1 with 10 % sucrose 
solution and loaded on to vertical polyacrylamide gels using a 
25 mlcrol itre micro-pipette. 
Horizontal starch-gel electrophoresis was carried out 
using 11 % Connaught starch gels and Shandon equipment. Four 
buffer systems were used as fol lows : 
1) Continuous tris-citrate (Ward & Beardmore, 1977). 
Electrode: 0.25 M tris, 0.057 M citric acid, pH B.O. Gel 
25:1 dilution of electrode buffer. Running conditions: 200 V 
for ~.5 hours. 
2) Discontinuous trls-citrate (modified from Ashton & 
Braden, 1961). Electrode: 0.3 M boric acid, 0.1 M sodium 
hydroxide, pH B.9. Gel 0.066 M tris, 0.007 M citric acld,.pH 
B.6. Running conditions: 150 V for 1 hour, the 300 V for ~ 
hours. 
3) Discontinuous tris-citrate (Poul ik, 1957). 
Electrode: 0.3 M boric acid, 0.06 M sodium hydroxide, pH B.6. 
Gel 0.076 M tris, 0.005 M citric acid. pH B.2. Running 
conditions: 200 V for 1 hour. then 300 V for ~ hours. 
( 
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't) Continuous tris-cltrate (Ayala et !!.!.. • .l972). 
Electrode: 0.135 M trls. 0.0't5 M citric acid. adjusted to pH 
7. O. Gel 
conditions 
15:1 dilution of electrode buffer. 
200 V for 't.5 hours. 
Running 
Vertical polyacrylamide gels (7 % 5igma gelling agent. 
0.1 % ammonium persulphate + Temed.) were run in an LKB 2001 
vertical electrophoreSis unlt~ The buffer system was: 
5) D I scont i nuous tr i s-g I yc I n.e (mod i f i ed from D.av is. 
196't). Electrode: 0.05 M tris. 0.383 M glycine. di lute 1:9 
buffer:distil led water for use. pH B.5. Gel 0.19 tris. 30 
mi I I i litres 1 N HCI. 0.15 Mi I li litres Temed. per litre. pH 
8.9. Running conditions: 50 V for 30 minutes. then 300 V for 
't hours. 
Forty-four enzyme staining techniques were tried. 
adapted from Harrls and Hopkinson (1976) and 5haw and Prasad 
(1976) . 
For the comparisons between populations of Nemoura 
cinerea. only four polymorphic loci were routinely screened: 
Aminopeptldase-l 
Hexanol dehydrogenase 
Phosphoglucose isomerase 
Phosphoglucomutase 
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c.S.Measurement of pH Tolerance 
c.S.l Apparatus 
The tolerance of Nemoura cinerea nymphs to low pH was 
investigated using specially constructed, plastic 'bloassay 
chambers' (Figure c.~). Every chamber was divided into three 
separate compartments, each aerated through an inverted 
syringe needle. The tops of the chambers reduced evaporative 
water loss and prevented the escape of emergent adults or 
roving nymphs. 
c.S.c.Experimental Procedure 
Acid tolerance was determined using 96 hour acute 
toxicity tests (APHA,1976: Murphy, 197B: Buikema et §l, 19Bc) 
to find the concentration that would ki I I half the test 
organisms in this time. This is the median lethal 
concentration (96-hour LCSO).-
Field samples were returned to the laboratory for 
sorting to ensure that al I the nymphs used in the tests were 
slmi lar in size. Nymphs were accl imated to experimental 
conditions for four days prior to the toxicity tests. They 
were held, unfed, in ac I itre beaker containing 'artificial' 
water at pH 6. S (i on i c compos i t i on as given insect I on2.~_c. 
except for the addition of calcium ions). -The beaker was kept 
aerated inside a Fisons' growth cabinet at 10°C and 16 hours:B 
hours I ight:dark I ightingconditions. 
Twenty-four hours before the experiment, the bioassay 
chambers were fi I led with 'artificial' water and the pH 
adjusted using 0.1 M sulphuric acid. These were placed Inside 
the growth cabinpt and aerated. A pH range of pH c.B ~.O, 
c~ 
with 0.2 pH unit Intervals, was used In al I the tests. The 
control was unadjusted 'art I f I cia I ' water. All three 
compartments In each chamber had the same pH. 
Ten nymphs were placed in each compartment along with 
a piece of cotton netting to provide an artificial substratum, 
This arrangement ensured that there was no overcrowding and 
made it easier to count the number of survivors. In some 
tests, a shortage of specimens meant that all three 
compartments were not used. 
The numbers surviving were checked every twelve hours 
and dead animals removed unti the test was finished after 
ninety-six hours. At each count the pH was checked and 
adjust-ed - I f necessary, If there was greater than 10 % 
mortal ity in any of the controls the test was terminated. 
In the tests using nymphs from alkaline streams. all 
the nymphs were frozen either when they died or at the end of 
the test to determine their HDH-l genotype later. 
Parallel tests in which the ionic composition of the 
test water was doubled. or the concentration of the calcium 
ion (added as calcium nitrate solution) altered, were run on 
three occasions to determine if this could influence tolerance 
to low pH.-
2. 6. Respirometry 
2.6.1. Apparatus 
An open-flow respirometer was constructed to measure 
the possible influence of low pH on the oxygen consumption of 
Nemoura cinerea nymphs. The design was based on that used by 
( 
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Nagel I (1975) and Is shown In Figure 2.5. 
The cylindrical vessel A (made of perspex, with a 
volume of· 1.5 I itres) contained the experimental water. The 
glass float B was 3 centimetres deep with a diameter ~ 
mi I I Imetres smaller than the inside of the vessel. The float 
was weighted so that the lower 2 centimetres w~ submerged. 
This created an effective boundary to oxygen diffusion into, 
or out of, the reservoir, since convective currents within the 
vessel were minimised by placing the whole apparatus in a 
water-bath, ensuring even temperature distribution. 
Water was drawn out of vessel A by means of the 
peristaltic pump C. This was electrically driven and could not 
be submerged in the water-bath. Initial tests with the 
apparatus showed that water warmed up as it passed through the 
pump, reducing its oxygen carrying capacity and leading to 
the formation of air bubbles which could then pass into the 
rest of the system. To overcome this problem, the pump was 
enclosed in an 
ice-pack. 
insulated box and cooled with a commercial 
The water passed from the pump into the respiratory 
chamber 0, which contained the experimental animals. The 
respiratory chamber was the bulb of a 25 mi I I il itre glass 
pipette. The animals were prevented from escaping by nylon 
mesh fixed at the downstream end of the chamber (E), and a 
removeable plug with nylon mesh at F. 
After passing through the respiratory chamber, the 
water flowed to the oxygen electrode, G . This was a Clark, 
membrane covered type. manufactured by Rank, with a 
replaceable, 0.0005 ml I Ilmetre teflon membrane. The electrode 
was connected to an MSE ~Spectroplus' to measure the dissolved 
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oxygen concentration In the water. The 'Spectroplus' was 
connected to a Phlllps PM6ESl pen recorder. to give a 
continuous record of the oxygen concentration throughout the 
experiment. The stopper for the electrode, H, was modified to 
al low water to flow through the system. The flow rate was 
measured with a ES mil I il itre measuring cyl inder. The volume 
of the electrode chamber was ~ mi I I I litres. 
chamber was circulated using a magnetic stirrer. 
Water in the 
The original dissolved oxygen concentration in vessel 
A was measured by switching tap I so that only water 
by-passing 
electrode. 
the respiratory chamber entered the oxygen 
The flow through the respiratory chamber was 
maintained via outlet J. The speed of the pump was doubled 
whi 1st the water was passing along the two routes to keep the 
flow rate through the electrode constant. The oxygen 
concentration In water passing through the respiratory chamber 
was measured by repositioning tap I , reducing the output from 
the pump, and preventing outflow through J by raising it above 
the level of the outflow from the oxygen electrode. 
The temperature of the water bath, containing the 
respiratory chamber and vessel A, and of the insulating jacket 
surrounding the oxygen electrode, was maintained at 10 0 C with 
a Churchi I I 'Thermo-circulator'. 
The outlet K, from vessel A, was used to take samples 
of water to determine the oxygen concentration by the standard 
Winkler method (Golterman, Clymo & Ohnstad, 1976). 
Narrow diameter (l.S mi I I imetre) 'Portex' nylon tubing 
was used for Inter-connecting the major components of the 
system to minimise the dead volume. 
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2.6.2.Experlmental Procedure 
After sorting, freshly co I I ected nymphs were 
accl imated to experimental conditions for four days; They were 
held In a two I itre beaker containing well aerated 
'artificial water at pH 6.5, and maintained at 10 0 C under 
16hours : B hours, light dark I I I um i nat i on In a Fisons 
growth cabinet. Cotton netting was spread In the beaker to 
provide an artificial substratum. 
Twenty-four hours before the experiment, the nymphs 
were transferred to water with a pH ajusted to either 3.0 
using 0.1 Molar sulphuric acid, or to 7.0 using 0.1 Molar 
sodium hydroxide solution. This allowed accl imation to the 
experimental pH, and also ensured that the digestive tracts of 
the nymphs were emptied to prevent the deposition of faecal 
pel lets in the respiratory chamber. 
The ·artificial' water used in the experiment was 
maintained under the same conditions of temperature and 
aeration prior to the respirometry. The water was made up 
from a stock solution and di luted with deionised water (10 
mi I li litres stock per litre) when required. The composition of 
the stock solution was as fol lows: 
Sodium Chloride 3.0 grammes/I itre deionised H'O 
Magnesium Sulphate 1.~ 
Potassium Bicarbonate 0.2 
Ammonium Sulphate 0.1 
The final ionic concentrations were intended to be 
simi lar to those found at Lady Clough 
(Brown 8. Martin, 19BO). 
in the Peak District 
Animals were introduced into the respiratory cham~er 
after removing plug F. A piece of cotton netting was also 
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placed Inside the chamber. This acted as a substrate for the 
nymphs and reduced their level of activity. 
After sealing the chamber, tap I was positioned so 
that water flowed directly from vessel A to the oxygen 
electrode to record the Initial oxygen concentration. A c50 
mi I I I I itre sample. was drawn off through K for Winkler 
titration. Approximately one hour was allowed for the animals 
to settle and to check the stability of the electrode before 
tap I was repositioned to determine the oxygen concentration 
in the water passing through the respiratory chamber. 
After six hours the dissolved oxygen concentration In 
vessel A was re-checked before the water was drained via 
outlet K and replaced with fresh water of different pH. During 
this operation the pump was stopped to prevent air being drawn 
into the system. Fresh water was used, rather than chang-ing 
the pH of the ex i st i ng wat'er, because rap i d ac i d i f I cat Ion can 
raise the concentration of dissolved carbon dioxide to levels 
known to affect the activity of aquatic Invertebrates (France, 
19Bc). A c50 ml I I I litre sample was taken from the replenished 
reservoir for Winkler titration and the oxygen concentrations 
measured as before. 
Regular checks were kept on the temperature and flow 
rate throughout the experiment. Flow rate tended to decrease 
gradually as the water level fel I in reservoir A. This was 
caused by the Increased effort needed to pump the water as the 
height difference between the reservoir and pump grew. 
Unfortunately, the pump control was I imited to five pre-set 
speeds so that fine-scale adjustment was impossible. The 
problem was overcome by putting the pump on an adjustable 
platform so that its height could be changed to compensate for 
c9 
the fal I in water level in A. 
Previous workers (in Hynes. 1970: Correa et ~. 1983) 
have reported that flow rate can be a major Influence on the 
rate of oxygen uptake in some. though not al I • aquatic 
invertebrates; However, the results of prel imlnary 
investigations showed that flow rate had no effect on oxygen 
uptake in N. cinerea under the slow flow conditions used in 
these experiments. although the speed of flow through the 
respiratory chamber did appear to affect the mixing of the 
water. This resulted in some asci Ilation of the read-out from 
the oxygen electrode under the slowest flow conditions (around 
~5 ml/hr). The rate of flow itself had no effect on the 
stabil ity of the electrode read-out when the flow by-passed 
the respiratory chamber. A higher flow rate of around 100 
ml/hr was used whenever possible. However, when smal I nymphs 
were used,"only a small reduction in the dissolved oxygen 
concentration could be achieved at this flow rate due to 
problems in collecting a sufficient number of simi lar sized 
specimens. According to Nagel I (1975) and Forstner (1983), the 
precision of measurement of the dissolved oxygen concentration 
is diminished when there is a smal I difference between the 
initial and final concentrations. Therefore. the flow rate was 
reduced to produce a concentration difference of betwaen 5 
and 10 A similar reduction in dissolved oxygen 
concentration waS used for the larger specimens at the flow 
rate of around 100 ml/hr. A greater reduction was not used 
because, although the difference in oxygen concentration could 
be measured more precisely, nymphs at the downstream end of 
the respiratory chamber would be subjected to different 
conditions than those upstream, and they could be under 
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respiratory stress. Nagel I (1975) considered that a reduction 
of about 10 ~ was an appropriate compromise between 
measurement precision and the need for uniform conditions in 
the respiratory chamber. 
A further consideration at the start of each 
experiment was the speed of the magnetic stirrer in the oxygen 
electrode. If this was too slow, or so fast that it became 
erratic, 
read-out. 
small osci Ilations were produced in the electrode 
After the respirometry the nymphs were dried at 100°C 
for 2~ hours and weighed. 
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Tablee.L Sites where Nemouridae were found. 
O.S. Species 
Site grid ref. 1 e 't 5 6 7 B 9 
1 River Alpcirt SK1'teB96 0 x x x 0 
2- River Ashop SK10B907 0 x x x 0 
3 Beacon SKS2e1't7 * x 
't Birchin Clough SK10991't 0 0 x 
5 Blackstone Edge SD9BB1B't *x 
6 Burbage Brook SKc6eBOB *x 
7 Nant y Bustuch SNB075eB x x 
B Cabin Clough SK07e933 *x x 0 
9 Charnwood SKS1B155 x 
10 L I ynn Cwe I I yn SHS665't5 x 
11 Dalnacarn ND0036eB x 
le Dean Clough SEOBe063 * 
13 River Derwent SK1719't6 0 x x x x 
1't Nant y Fannog SNBl1516 0 x x 
15 Frank I yden NDe16e9't 0 x 
16. Glebe Farm SK73903e "'x x x 
17 Glen Rait NOeOBe7B x 
1B Gordale SD91't63B x 
19 Grinds Brook SK123B6e x x x 
eO Hoby SK66717e 0 x 
cl Holden Clough SKOB3ge6 "'x 0 0 
cc Knock Ore Gi II NY715310 x x 
e3 Lady Clough SK10B907 
'" 
x 0 x x 0 
e't Lincoln. TF16B919 x 
e5 March Hi II SE003130 * x 
e6 Moor House _NY7373e3 * x 
e7 River Noe SK112B't7 x x 0 
2B North Wales 3 SH96't2't5 0 x 
e9 Odin Sitch SK1'teB3't 0 x 
30 Owston SK7Be057 "'x x 
31 Oyster Clough SKllB90e 0 x 
32 Rising Clough SKe15B75 "x x x x 
33 Roman Road SK103geB 0 x 
3't Scaleber Force SDB't16e5 x 
35 Thomasons Ho I I. SK096ge7 .. x 0 x x 
36 Top Lady Clough SK09'tgeB .. x 0 0 
37 Nant Trawsnant SNB05'tB9 .. 0 x 
3B Thrussington SK6't't163 "x x 
39 Wareham 1 SY919BS6 *x x x 
'to River Westend SK15'tgeB x x 
'te Wymondham SK737e1't "'x x 
continued 
Table e.l. 
't3 Moor House Mine NY72't319 
* 
't't Norl:h Wales 't SH91522B 
* 
't5 Ogden S09Bl127 
* 
't6 Porl: Erin SC1926B't 
* 
't7 Shiny Brook SE0550S7 
* 
'tB Wareham 2 SY92'tB91 
* 
't9 Baluain NNB3765B 
* 50 Cressbrook Dale SK172735 
* 51 Lul:l:erworl:h 1 SP59B8S't 
* 52 Lutl:erworth 2 SP530859 
* 53 M i I I ers Da le SK1't0735 
* 5't Nai Istone SK't2508't 
* 55 Soul:h Beacon SK50B1't't 
* 
Species: 1. Nemoura cinerea; 2. N. 
avlcularls; 6. Protonemura meyeri; 7. 
Amphinemura sl:andfussi; 9. ~. sulcicol I is. 
0 
cambric8; loft N. 
P. praecox; B. 
dubil:ans 
The ol:her species sampled was: 3. Nemoura 
Cames Farm. Soul:h Winl:erbourne. Dorsel:. SY712889. 
x = species presenl: and screened electrophorel:ical Iy 
for species comparisons. 
o = species present but nol: screened 
elecl:rophoretical Iy for species comparisons 
* = samples for inter-populal:ion comparisons of 
Nemoura cinerea 
No entry indicates l:he species was nol: del:ecl:ed al: 
thal: site. 
Table 2.1. 
Plate 2.1. Nemoura cinerea nymphs, x 10 
Plate 2.2. Protonemura meyerl nymphs with prosternal 91 I Is, x 6 
Plate 2.3. Adult Nemoura cinerea, x 10. 
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Figure E.l. Map to show the location of the sample sites listed 
In Table E.l. 
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Figure c.3. Measurements of Nemoura cinerea. a) Total body 
length. b) Head-capsule width. c) Hfndtibia length. 
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Figure 2.5. The flow-through respirometer. 
A. reservoir,. B. Float, C. peristaltic pump, D. respiratory 
chamber, E. mesh, F. plug, G. oxygen electrode, H. stopper, 
I. tap, J. and K. outlets. 
CHAFTER 3 
LIFE-HISTORY FAT TERNS OF NEMOURA CINEREA FROM .TWO STREAMS 
3. 1. Introduction. 
The first requirement of the investigation into the 
influence of stream water acidity on genetic variation was to 
determine which species could be found in both acid and 
circum-neutral streams. The aim of field trips in the early 
months of this study was, therefore, to locate streams in the 
Derbyshire Feak District which had a range of different 
acidities (pH) and to identify their Flecopteran communities. 
During this period, an observation was made that the 
nymphs of some spec i es cou I d be found in the higher a I·t I tude 
streams for over a month after they had.emerged as adults from 
lower altitude streams nearby. This was particularly 
noticeable in Nemoura cinerea from two sites in the same 
catchment area. Therefore, a program was initiated to 
investigate this observation further: to see if it was a 
recurrent feature in these streams and to identify possible 
causes. 
1:0 
Simi lar observations of altitude related"differences in 
ife-history have been reported from several areas (e.g. 
Brink, 19't9; G I edh i I I , 1960; Maitland, 1966; L i I I ehammer , 
19B't). In all cases the cons1stently lower temperature of high 
altitude streams had been thought to be res~onsible for the 
retardation of the life-cycle. 
Initial measurements taken at.the two Feak District 
sites did not show any difference In temperature. This was 
taken as an i?dication that other factors might be more 
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Important In this case. Previous studies have shown that 
differences In Photoperiod (Nebeker, 1971) or food supply 
(Ulfstrand, 196B. and LII lehammer. 197~) may influence growth 
and emergence in Plecoptera, and a decrease in the growth rate 
of mayfly nymphs occurred following acidification of a stream 
(Fiance, 197B). It has also been suggested that alterations in 
the I ife cycle have resulted from genetic change in different 
locations (Macan, 1958b,19B1; Br ilta I n, , 1973; LI Ilehammer, 
1976). However, spot temperature readings have been shown to 
be poor indicators of the thermal budgets of streams (Macan. 
195Bo., and 5mith and Lavls, 1975) . Therefore, a more 
informative, longer term measure of the temperatures 
experienced at both sites had to be found in order to assess 
the importance of this factor. 
3.2.Materials and Methods 
3.2.1.0escription of the sites. 
The geographi'c location of the two streams has already 
been indicated in Figure 2.2. Both sites were close to the 
Snake Pass (A57) road in the Peak District. The sampl ing site 
on Lady Clough (SK 10B907) at 321 metres above sea level is 
136 metres lower and approximately 3 ki lometres down stream 
from the site at Thomason's Hol low (SK 096927). The relative 
sizes of the two stre~m~ can be seen from Plates 3.1 and 3.2. 
Thomason's Hol low is a headwater stream draining the 
peat moorland plateau around Featherbed Top (SK 091921). The 
dominant vegetation of this area is cotton sedge (Eriophorum 
vaginatum) and grasses such as Festuca ovina and Nardus 
stricta furnish rough grazing for sheep. The stream is between 
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O.S and 1.S metres wide. The substratum consists of bedrock 
and medium sized boulders (ES to SO cent·imetres in diameter). 
Moss (Fontinal is) is found growing in the stream in patches 
where the bottom is stable. 
Lady Clough is a much larger stream S to 10 metres in 
width. The gradient of the stream bed is less and the 
substratum mainly consists of smaller boulders (lS to 30 
centimetres in diameter). Here again mosS is found growing in 
patches where the substratum is stable. Figure E.E and Plate 
3.E show that the dominant vegetation In the valley is a 
coniferous woodland plantation. 
The pH and conductivity of the streams were measured 
throughout the study period when invertebrate samples were 
collected. Figures 3.1 and 3.E show that both measurements 
often varied considerably between sampl ing dates. ~ simi lar 
pattern of fluctuating pH values, particularly from Lady 
Clough, was reported by Brown and Martin (19BO). They found a 
significant inverse relationship between pH and stream level. 
Observations made in the present study are in agreement with 
this; the lowest pH values at Lady Clough al I being recorded 
when stream flow was high following periods of heavy rain and 
the high pH values at both sites occuring during periods of 
low flow. 
The overal I mean pH and conductivity at Thomason's 
Hol low was pH ~.S~ (range 3.6S to 6.E) and BO.7 ~S-1 (range SE 
to 130 ~S-1) respectively. The corresponding values for Lady 
Clough were pH 5.9~ (range ~.~ to 7.0) and 101.7 ~S-1 (range 
Bl to l~O ~S-1). 
( 
3.2.2.Callbratlon of the Potassium Ethyl Xanthate measurement 
of temperature. 
The method for cal ibrating the rate of hydrolysis of 
potassium ethyl xanthate (KEtX2) in the buffer solution was 
basically the same as that described by Ashworth (1960). Two 
water baths were used to maintain constant temperatures. One 
was fi I led with a mixture of water and ethylene glycol and 
kept at OOC ± O.SOC for the ten week measurement period with 
the aid of a chi I ler unit. The other water bath was maintained 
at 20°C ± O.soC. Two repl icate bottles containing the reaction 
mixture were placed in each bath and weighted down to ensure 
that they remained fully submerged. 
After exactly ten weeks the reaction was halted by 
adding excess nickel sulphate solution and the dry weight of 
the precipitate measured to the nearest mil I igramme. The 
weights of the precipitates obtained at OOC and 20°C could 
then be used to calculate expected weights at the other 
temperatures so that a cal ibration curve could be constructed 
by substitution into the equation derived by Ashworth (1960). 
The above method overcomes the problem of maintaining a 
series of constant temperature environments in order to 
construct a cal ibration curve. However. two additional water 
baths. one at 12°C ± 1°C and the other at 2SoC ± 1°C. were 
used to compare the results obtained with those predicted by 
interpolation and extrapolation from the calibrations at OOC 
and 20°C. 
3S 
3.3.Results. 
3.3.I.Temperature. 
The temperature readings taken on samp ling dates 
between July 19B1 and August 19B3 are shown in Table 3.1 and 
Figure 3.3. The monthly air temperature records from the 
nearest Meteorologicai Office Station at Buxton, 17 ki lometres 
from the Snake Pass, at an altitude of 307 metres, are 
included in Figure 3.3 for comparison. It can be seen that 
stream temperature tracked air temperature quite closely 
throughout this period. A simi lar observation was made by 
Smith and Lavis (1975) in their more detai led investigation of 
the environmental influences on the temperature of a smal I 
upland stream. 
The dry weights of the nickel ethyl xanthate (NiEtX2) 
precipitated after the calibration runs at ooe and 20 0 e are 
given in Table 3.2 together with those at 12°C and 25°e. The 
values obtained at ooe and 20 0 e were substituted into the 
equation derived by Ashworth (19BO) to calculate expected 
values at other temperatures as fol lows: 
log10(loge(yo/y» = -E/2.303 R T + constant 
where, yo = dry weight of NiEtX2 obtained at time zero 
y = dry weight of NiEtX2 after 
temperat·ure TK 
E = activation energy of the.reaction 
R = the gas constant 
T = temperature In K 
10 weeks 
(1) 
at 
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At OOC : 
log10(loge(.~62/.369» = -E/2.303 * B.3 * 273.15 + C 
Therefore, -E = -33B~.926 - 5221.23~9C (2) 
At 20°C : 
log10(loge(.~62/.0B7) = ~E/2.303 * B.3 * 293.15 + C 
Therefore, -E = 12~3.~2~ - 5603.5329C (3) 
By solving (2) and (3) simultaneously, 
~62B.3505 = 3B2.29BC 
Therefore, C = 12.1067 
Substituting in (2), 
E = -56.597 KJ.mol-' 
Using the above values of E (in Joules.mol-') and C, 
and equation (1), the dry weight of NiEtX2 expected at other 
temperatures could be calculated, assuming that E remains 
constant (Table 3.3), and the theoretical graph of the 
variation of y with temperature was constructed (Figure 3.~). 
The curve passes through the values of y obtained at OOCand 
20° C since these were used In it s construction. The values 
at 12°Cand 25°C also fal I near the calculated line giving an 
Indication of the accuracy of this method. 
The dry weights of NiEtX2 obtained from the bottles 
left In the streams for 10 week periods, and the corresponding 
mean temperatures c~ulated from Figure 3.~. are shown in 
Table 3.~. Unfortunately, the bottles were lost from one of 
the sites during the first two measurement periods. However, 
It can be seen that In the following 30 weeks the mean 
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temperature at Lady Clough was consistently higher than at 
Thomason's Hol low, There was a particularly 
In February and March 1983. 
3.3.2.Life-Hlstorles. 
large difference 
The annual growth pattern of N. cinerea in both streams 
can be seen, for three different body parameters In Tables 3.5 
and 3.6 and Figures 3.5 to 3.7. Each point on the growth 
curves Is the mean of the sample measured on that date and the 
vertical lines indicate the size range of the nymphs. Three 
different size measurements were used to record the growth of 
the nymphs to act as controls for each other and to see if any 
would prove easier or more rei iable to use. A straight line 
relationship was found between the three measurments from a 
plot of head capsule width and hind tibial length against body 
length (Figure 3.8.), using the mean figures given in Tables 
3.5 and 3.6. The regression e9uations of the straight lines 
are given in Table 3.7. together with the correlation 
coefficients. A I I "four cor re I at ions were found to be high I y 
significant (P < 0.001). 
The morphology of the nymphs was compared between the 
two streams bya test of the homogeneity of the regression 
coefficients (8alley,1959). The nul I hypothesis Ho : bl - b2 = 
o was tested where bl = the coefficient of regression between 
head capsule width and body length at Lady Clough and b2 = the 
coefficient of regreSSion of the same measurement at 
Thomason's Hol low. A slmi lar test was made between the other 
two regreSSion coefficients. In both cases the nul I hypothesis 
was accepted Indicating that nymphs had the same morphology 
throughout the size range in both streams (Table 3.7). 
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The close correlation of the measurements is reflected 
In the similarity of the growth curves (Figures 3.5. to 3.7.). 
Of the three characters, head capsule width was the easiest to 
measure. The hind leg had to be removed before the tibia could 
be measured and the abdomen is often distorted and telescoped 
making body length more difficult to measure. 
Figures 3.5 to 3.7 clearly indicate that N. cinerea had 
a univoltine life history (one complete I ife cycle per year) 
in both streams. This is in agreement with previous records 
both in the United Kingdom (Hynes, 19~1, 1961) and continental 
Europe (Brink, 19~9, and Bengtsson, 198~). 
The fl ight period of the adult fl ies (the dates between 
which adults were collected from the streams) is shown on 
Figure 3.7. Although there was some variation between years, 
there was a consistent pattern of late adult emergence at 
Thomason's Hol low compared with Lady Clough. In 19B1 adults 
were found from April to July at Lady Clough and from May to 
August at Thomason's Hol low. In 1982 and 1983 adults emerged 
from Lady Clough in'May, June and July. At Thomason's Hol low 
adults were collected from June to September in 1982 and from 
June to the last sampling date on August 8th in 1983. 
The first smal I nymphs were found from early September 
at both sites, 3 or ~ months after the adults began to emerge. 
This suggests that the egg incubation period takes about the 
same length of time, and accounts for the appearance of smal I 
nymphs in al I samples untl I the end of the year (3 to ~ months 
after the last adults were recorded). Previous workers have 
found egg Incubation periods of 3 to ~ months in N. cinerea 
(Khoo, 196~, and 8engtsson, 198~). The persistence of smal I 
nymphs in the spring samples, most noticeably in 1981, could 
3g 
have resulted from either the slow growth of nymphs hatched in 
the coldest months of the year, or from the delayed hatching 
of some eggs. The occurence of an egg dlapause has been 
reported in other Flecoptera (Maitland, 
and Hynes, 1970). 
1966; E I I lot, 1967, 
The long hatching period of the eggs results In the 
wide size variations in each sample. The variation can be most 
easi Iy seen from the size group histograms drawn in Figures 
3.9. and 3.10. The length of the hind tibia was used to 
construct the histograms because, of the three measurements 
taken, this one showed the greatest difference between adult 
flies and the nymphs (Figure 3.6), so that the size variations 
of both adults and nymphs could be clearly shown in the same 
Figures. 
The extended recruitment of the nymphs wl I I reduce the 
mean size in each sample, making it difficult to assess the 
actual growth rates. One possible way of overcoming this would 
be to find the mode in each sample so that the change in the 
size attained by the greatest number of nymphs can be followed 
throughout the life cycl e (Macan , 1956b ; E I I i ot, 1967) . 
However, the smal sample sizes in this study meant that there 
was no obvious modal class on many occasions (Figures 3.9. and 
3.10.). Alternatively, the growth rate of the earl iest hatched 
group of nymphs can be inferred from the maximum size attained 
on each sample date. 
The variations between the years and the occurence of 
unusua I I y low temperatures in the winter of 1961/e (Figure 
3.3.) make It difficult to determine a general pattern. 
However, if the 1981/2 generation Is excluded, It appears that 
growth was continuous from hatching in autumn through to 
'to 
emergence In spring or summer (Figures 3.5. to 3.7.). There 
was some slow down in winter, particularly in Thomason's 
Hol low, but there was no evidence of a winter diapause unlike 
the findings of Khoo (196~). Nymphs could be found at 
Thomason's Hol low for more than a month after they had 
disappeared from samples taken at Lady Clough in each summer. 
Late hatching nymphs presumably grew at an accelerated rate as 
the temperature rose in spring in order to emerge in summer. 
They also seemed to mature at a faster rate so that they were 
not as large as the early emerging adults (Figures 3,9. and 
3.10). Khoo (196~) showed that in Capnia bifrons there was a 
slmi lar decrease In the size of emerging specimens as the 
season progressed. He suggested that this was caused by the 
increasing day length hurrying nymphs to emerge before growth 
is completed to avoid high summer temperatures. 
In December 19B1 and January 19Be Britain experienced 
extreme winter conditions. Air temperatures below -10oC were 
recorded at Buxton in both months. Thomason's Hol low was 
completely frozen over and both anchor and slush (frazil) Ice 
was encountered at Lady Clough. Figures 3,5. to 3.7. show that 
these conditions resulted in a marked slow down in the growth 
of the nymphs, especially at Thomason's Hollow, and later 
adult emergence compared with other years. 
~1 
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3.~.Dlscusslon. 
Continuous monitoring of the growth and development of 
N. cinerea over a three year period has confirmed that each 
year, adults emerge from Lady Clough a month or more before 
emergence begins at Thomason's Hol low (Figure 3.7.). Other 
workers have reported a similar effect of altitude on the life 
cycles of Plecoptera. Gledhi I I (1960) reported that Lectra 
inermis, ~. hippopus and Chloroperla torrentium emerged a 
month earl ier and over a shorter period from a lowland stream 
(altitude ~5 metres) than from a high mountain stream 
(altitude 669 metres). Maitland (1966) found that the nymphs 
of Amphlnemura sulcicol I is took longer to develop in the 
extreme upper reaches of the River Endrlck in Scotland. 
Mlnshal I (1969) determined that nymphs of Capnia vidua, 
Chloroperla torrentium and.Leuctra hippopus persisted longer 
(by at least a month) at higher elevations in Gaitscale GII I 
in the Engl ish Lake District. Nebeker (1971) found that the 
emergence of several species was delayed by ~ to 6 months at 
high elevations In the Rocky Mountains and Lil lehammer (1975a) 
recorded a difference of 76 and 96 days between the first 
emergence of ~. hippopus and Protonemoura meyeri respectively 
from a coastal stream and a high altitude stream in Norway. 
Li I lehammer (196~) also reported delayed emergence at high 
altitude in two other stonefl ies, Isoperla obscura and 
Amphinemura standfussi, in Norway. In each case, the lower 
temperatures at high altitude have been proposed as the most 
I ikely explanation for the delayed emergence. However, other 
factors such as food supply (Ulfstrand, 1966, and LI I lehammer, 
1975,198~), acidity (Fiance, 
1970; Nebeker, 1971) may be 
1978) or photoperiod (Hynes, 
of equal Importance. The 
( 
temperature difference revealed using the KEtX2 method seems 
to support the view that temperature Is an Important factor 
regulating growth and development In aquatic Insects. 
This study has shown that the KEtX2 method can be a 
useful and rei iable means of monitoring temperatures over 
extended periods at remote sites. On each occasion the 
replicate bottles gave simi lar results and the estimates of 
mean temperature were in the range expected from the air 
temperatures and spot readings. The main problem in the field 
was to anchor the bottles to the stream bed so that they were 
not lost or damaged during spates or left exposed during 
periods of low flow. 
The loss of bottles from Thomason's Hol low in November 
1982 and from Lady Clough in January 1983 meant that mean 
temperatures could only be compared between the sites from the 
beginning of February to the end September. Throughout this 
period the mean temperature was lower at Thomason's Hol low, 
especially from 1.2.83. to 13.~.83. (Table 3.~.). The 
northerly aspect of Thomason's Hol low, together with the 
higher altitude, could account for the difference in 
temperature for most of the year but the extra reduction in 
the winter months is probably caused by the persistence of 
sno~ in the deep peat groughs on Featherbed Moss which feed 
into Thomason's Hol low. 
This method of temperature estimation gives a more 
accurate indication of the differences in the thermal budget 
of the streams than spot temperature readings. The latter gave 
a useful check on the chemical determination. However, they do 
not measure the wide diurnal fluctuations that commonly occur 
in streams or local variations caused by different conditions 
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of flow (Smith and Lavls, 1975), The chemical method also has 
an advantage over maximum and minimum thermometers for the 
estimation of mean temperatures over long periods, The 
thermometers only Indicate the range that has occured since 
they were last reset, They do not give a continuous 
measurement of temperature change, In addition the chemical 
estimate does not risk the loss or damage of expensive 
instruments left in the field. The major disadvantages of 
using the KEtXc method are that there wi I I be recurrent costs 
for the chemicals, and the time needed to prepare chemicals 
and weigh the end product may become prohibitive if a large 
number of streams wer~to be monitored. 
It appears, then, that the delay in adult emergence at 
Thomason's Hol low can be explained by the consistently lower 
temperatures relative to Lady Clough. The detai I of how this 
actually occurs is not clear due, in part, to the difficulties 
of determining rates of growth from the samples measured. 
However, the greatest temperature difference occurs in the 
winter when Thomason's Hollow receives inflow from snow filled 
groughs. This coincides with an apparent slow down in the 
growth of nymphs in Thomason's Hollow compared with Lady 
Clough and their development seems to lag behind from then on. 
This is in accord with Khoo (196~) who demonstrated that the 
growth of 
temperatures 
also found 
N. cinerea was considerably slowed by cold 
in the laboratory. Ward and Stanford (19Be) have 
that cold 
development in stonefl ies. 
may be responsible for slowing 
Brink (19~9) recorded a simi lar 
effect of cl imate on I ife history. He found that many species 
h~d ~ progrsssivsly I~tsr emergence from southern to northern 
Sweden associated with the Increasing severity of the winter. 
The difference In th.e t I m I ng of adu I t emergence does 
not seem to be due to the life cycle beginning earl ier In the 
year at Lady Clough. Smal I nymphs first appeared In the autumn 
samples collected at the same time from each site and the 
slmi larlty in size suggests that the eggs must have hatched at 
about the Same time. The eggs must, therefore, take longer to 
develop and hatch at Lady Clough since the adult fl ight period 
occurs a month or more earl ier than at Thomason's Hol low. The 
delay in egg hatching seems to be caused by the higher summer 
temperatures at Lady Clough. Khoo (196~) found that eggs of N. 
cinerea hatched more slowly at room temperatures than at lower 
temperatures and in Amphinemura standfussi and Brachyptera 
risl hatching was inhibited at temperatures above those that 
are commonly found in streams. Similar reductions in the rate 
of egg development with increasing temperature have been 
reported for several stonefl ies and mayflies (Brittain, 
1977,1962, and 6rittain and Mutch, 19B~). 
Further· evidence that temperature is a major influence 
on the life history .of N. cinerea came from the effect of the 
severe winter of 1961/2. Following the period of Intense cold 
in December and 3anuary, the growth of the nymphs appeared to 
have been markedly reduced. This was particularly evident at 
Thomason's Hol low where there was a decrease In the mean size 
from 3.51 mm to 2.63 mm body length (Table 3.5) due to the 
absence of the larger specimens in the 3anuary sample (Figures 
3.5 to 3.7. and 3.9.). The loss of the biggest nymphs may have 
occurred because they i nhab i t the unders i des of large bou I ders 
and riffles in the stream bed where ice is likely to form most 
quickly. Smaller specimens can I ive deeper in the sedlments 
where they are protected from ice by the percolation of ground 
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water (Hynes, 1970). The retardation of growth resulted in 
late adult emergence at both sites. A simi lar observation was 
made by El I iot (1967). Following the unusually cold winter of 
196e/3 the emergence of several stonefly species was delayed 
and mortal ity was high amongst Protonemoura meyeri and 
Perlodes microcephala. Also Li I lehammer (1975) reported that 
Diura bicaudata emerged over a month late from a Norwegian 
lake after a cold winter in 1967 and Macan (1981) found that 
the emergence of the mayfly Ecdyonurus was later following the 
persistence of cold weather in 1979. 
The discovery of a marked difference in the annual 
thermal budgets of Thomason's Hol low and Lady Clough, and the 
observation that emergence was delayed following an unusually 
cold winter, supports the view that temperature is the most 
important factor control I ing growth and emergence in stream 
insects. There is no evidence that any other factor is 
involved here. Differences in photoperiod can be ruled out due 
to the close proximity of the two sites and a difference in 
the quantity or quality of food items seems an unl ikely 
explanation for the observed pattern since the organic input 
from the coniferous trees surrounding Lady Clough 
qual ity and non-seasonal. 
is of poor 
Fiance (1978) reported a dramatic (30%) reduction in 
the growth of the mayfly Ephemerel la funeral is in the USA 
following the addition of sulphuric acid to a stream. This was 
thought to have been caused by a greater energy demand for 
Ionic regulation in the acidified section. A simi lar 
sub-lethal effect of environmental 
Influencing the growth of N. cinerea 
acidification could be 
In Thomason's Hol low. 
Unfortunately. an experiment designed to test this fal led due 
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to poor survival of nymphs under control (neutral) conditions. 
However, it seems less likely to be an important factor here 
for two main reasons: first, N. cinerea I ives. naturally in the 
cond;tlons found at Thomason's Hol low and sO is unl ikely to be 
as stressed as E. ~uneral is was under the experimental 
conditions used: and second, there is a smaller difference in 
·the pH between Thomason's Hollow and Lady Clough, particularly 
dur I ng peak flow cond i t· ions (Brown and Mart in, 19BO). 
An additional explanation for the difference in life 
history could be that it has a genetic basis. Brittaln (1973) 
suggested that this could account for differences in the 
growth rate of Nemoura avicularls in Sweden and Wales, and 
L i I I ehammer 
Norwegian 
(1975) reported that Leuctra hippopus from one 
population had different morphological 
characteristics and emerged earlier than those from other 
populations, even under control led laboratory conditions. This 
indicated that a unique life-cycle had evolved in the unusual 
environment occupied by this population. However, there is no 
evidence to suggest that the delayed emergence from Thomason's 
Hol low is the result of a genetic change. Specimens from both 
streams are morphologically similar (Figure 3.B,Table 3.7), 
both populations showed a similar response to extreme winEer 
conditions, and there was a wide variation in the duration of 
egg hatching and speed of development at both sites. In 
addition the two populations have 
frequencies at the four polymorphic 
very 
loci 
s i m I I ar a I I e I e 
examined in this 
species (Tables 5.3-6., Figures 5.~-7.) and it is likely that 
there Is appreciable gene flow between these two close sites 
in contrast with the Isolated populatlons 
Brlttaln and LI I lehammer. 
Investigated by 
'17 
TABLE 3.1. Temperature readings taken at Thomason's 
Ho I low and Lady Cl ough. (QC). 
Date 
5.07.81. 
3.08.81. 
8.09.81. 
6.10. B1. 
10.11.81. 
13.01.82. 
26.03 .. 82. 
1't.06.B2. 
6.07.82. 
19.07.82. 
13.08.82. 
26.10.82. 
1.02.83. 
8.08.B3. 
Lady Clough 
1't.5 
15.'t 
13.7 
8.0 
5.5 
0.8 
8.0 
12.0 
12.5 
15.0 
13.0 
9.0 
2.5 
13.5 
Thomason's 
Hol low 
1't.5 
1't.3 
13.0 
8;0 
5.0 
0.8 
6.0 
11. 0 
12.0 
13.0 
12.5 
9.0 
1.5 
12.5 
TA8LE 3.2. The dry weight of NiEtX2 (y) recovered after 
10 weeks at control led temperatures 
Mean Temp. (OC) Dry weight(g) Mean y 
for 10 weeks of NiEtX2 (y) (g) 
0 , 0.367 0.369 
0.371 
12 0.203 0.205 
0.206 
20 , 0.08't 0.OB7 
0.090 
25 0.031 0.030 
0.029 
At ·zero· 0;'t6't ·0.'t62 
t·ime (y ) 0.'t60 
(1) - used to construct ca I i brat i on curve 
Table 3.1. and 3.2. 
TABLE 3.3. Expected drw weights of NiEtX2 calculated 
using equation (1) 
Mean Temp. (OC) Dry Weight of 
NiEtX2 (g) 
0' (273. 15K) 
5 
10 
15 
20' 
25 
30 
0.363 
0.316 
0.2't5 
0.16't 
0.067 
0.033 
0.006 
(1) experimental values used to derive C and E in 
equation (1) 
TABLE 3.'t. The dry weight of NiEtX2 recovered after 10 
week periods in the two streams and their corresponding 
mean temperatures 
Measurement 
Period 
13.03.B2. 
to 23.11. B2. 
23.11.B2. 
to 1.02.B3. 
1.02.B3. 
to 13.0't.B3 
9.05.63. 
to 1B.07.B3. 
1B.7.B3. 
to 27.09.63. 
Thomason's Hol low 
Dry Mean Temp. 
Wt. (g) Wt. (g) (0 C) 
.29't 
.2B7 
.320 
.311 
.315 
.13't 
.135 
.139 
.21't 
.20't 
.290 6.75 
.316 5.00 
.136 16.90 
.209 12.25 
Lady Clough 
Dry Mean Temp. 
Wt. (g) Wt. (g) ~ 
.227 
.22't 
.229 
.227 11. 00 
.272 .265 B.50 
.263 
.266 
.135 .133 17.00 
.129 
.. 132 
.lB1 .lB2 1't.00 
.lB3 
Table 3.3. and 3.'t. J 
r: 
> 
TA6LE 3.5. The mean size (head capsule width. hind tibial 
length and body length) of nymphs collected on the dates 
shown "at "Thomason's Hol low. 
Sample N Measurement (mm) 
Date Length Capsule Tibia 
mean S. D. mean S. D. mean S. D. 
----
31. 10.60 20 2.'t6 0.69 0.55 0.09 0.77 0.17 
'to 01. 61 20 3.06 0.63 0.6't 0.16 0.92 0.25 
't.02.61 20 3.63 0.79 0.72 0.1 't 1.09 0.25 
9.03.61 20 't.01 1. 2't 0.77 0.23 1. 13 0.3't 
7.0't.61 20 't.69 1. 6't 0.61 0.27 1. 16 0.'t5 
12.06.61 16 5. "'t3 '1.00 0.9't 0.10 1. 't5 0.23 
6.07.61 20 5.26 0.62 1. 00 0.06 1. 56 0.16 
3.06.61 6 6.11 1. 02 1'.13 0.06 1. 65 0.22 
"6.09.61 9 1. 32 0.13 0.26 0.0't O.'t't 
6.10.61 20 2.31 O. 't5 0.52 0.09 0.7't 0.1't 
10.11. 61 20 3.51 0.65 0.57 0.12 0.61 0.16 
13.01. 62 16 2.63 0.'t1 0.57 0.06 0.75 0.15 
19.02.62 20 3.06 0.63 0.66 0.17 0.92 0.23 
17.05.62 20 3.15 0.66 0.70 O. 1 't 0.95 0.22 
1't.06.62 20 't.'t't 1. 07 " O. 6't 0.16 1. 25 0.31 
6.07.62 20 't.63 0.65 0.9't 0.11 1. 't2 0.21 
13.06.62 6 5.70 0.63 1. 06 0.11 1. 67 0.2't 
13.09.62 16 1. 66 0.29 0.36 0.05 O.'t't 0.10 
26.10.62 16 2.27 0.72 0.'t6 0.15 0.56 0.31 
23.11. 62 20 2. 't6 0.66 0.59 0.06 0.63 0.12 
't.02.63 20 3.6't 0.61 0.70 0.10 1. 00 0.16 
25.0't.63 20 't.67 0.96 0.93 0.20 1. 26 0.31 
30.06.63 16 5.51 0.72 1. 00 0.11 1. 53 0.21 
Table 3.5. 
; 
TA8LE 3.6. The mean size (head capsule width, hind tibial 
length and body length) of nymphs collected on the dates 
shown at Lady Clough. 
Sample N Measurement (mm) 
Date Length Capsule Tibia 
mean S. D. mean S. D. mean S. D. 
31.10.80 15 2.35 0.58 0.58 0.12 0.81 0.18 
'1.01. 81 20 3.5'1 0.87 0.63 0.15 0.33 0.2'1 
'1.02.81 20 '1.27 0.31 0.78 0.15 1. 15 0.25 
9.03.81 20 '1.58 1. 20 0.780.13 1. 18 0.32 
7.0'1.81 20 5.28 1. '11 0.320.22 1. 38 0.38 
12.06.81 15 5.18 1. 9'1 1. 02 0.15 1. '12 0.'18 
8.09.81 12 1. 21 0.21 0.29 0.05 0.'10 
6.10.81 20 1. 870. '12 0.'13 0.07 0.53 0.1'1 
10.11.81 18 2.3'1 0.56 0.57 0.11 0.70 0.16 
13.01. 82 7 2.93 0.'15 0.690.12 0.95 0.17 
13.02.82 8 3.67 0.92 0.77 0.17 1.11 0.26 
23.0'1.82 6 '1.33 0.88 0.87 0.12 1. 32 0.21 
17.05.82 20 5.89 1. 26 1. 02 0.17 1. 53 0.'18 
6.07.82 3 '1.69 0.55 0.93 0.07 1. 39 0.11 
13.03.82 15 1. 36 0.39 0.31 0.07 0.36 0.09 
26.10.82 20 1. 67 0.'13 0.38 0.10 0.50 0.15 
7.02.83 20 '1.5'1 1. 33 0.86 0.18 1. 2B 0.2B 
2'1.0'1.83 1B 5.72 0.70 1. 09 O.OB 1. 59 0.21 
TABLE 3.7. The relationship between head capswl .. \~il'll:h Rr· hinl'l 
tibial length and body length of Nemoura cinerea from Lady Clough 
(LC) and Thomason's Hollow (TH). N = number of paired observations. 
Site N Measurement Regression Equation Correlation Homogeneity 
Coefficient of regression 
(t •• values) 
Th 22 Head capsule y =.0.117 + 0.163x 0.3B 
v 0.00'1 
LC 17 80dy length y = 0.132 + 0.162x 0.3B 
Th 22 Hind tibia y = 0.025 + 0.277x 0.38 
v 0.070 
LC 17 Body length y = 0.097 + 0.259x 0.99 
Table 3.6. and 3.7. 
P I ate 3 . 1. 
Thomason's 
Hollow 
Plate 3 . 2 . 
Lady Clough 
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CHAPTER FOUR 
GENETIC VARIATION WITHIN THE NEMOURIOAE 
~.l.Introduction 
Several species of PI ecoptera , mainly from the 
fam! lies Nemouridae and Leuctridae, were found in .samples 
collected from streams in the Derbyshire Peak District. AI I 
were used initially to devis~· electrophoretic methods and to 
determine which species would give the best 
electrophoresis. The classical key 
results following 
for stone-fly 
identification (Hynes,1977) 
grown, I ate i nstar nymphs. 
is based on the features of wel I 
Difficulties encountered with the 
identification of smal I nymphs, collected in early winter, 
suggested that an electrophoretic key for identification would 
be of value. The Leuctridae were excluded because early 
electrophoresis was less successful with these species. 
Therefore, one of the main aims of this section was to produce 
an electrophoretic key for the identification of as many of 
the British Nemouridae as was possible. 
When the electrophoretic mobll ities of multiple 
allozymes have been examined, the phylogeny of species groups 
can be estimated and compared with the accepted systematics 
derived from conventional taxonomic characters. The genetic 
similarity between species is assessed and quantified using 
such measures as the identity and distance statistics of Nei 
(1972,197B), Rogers (1972), 
(1567) . 
and Caval I i-Sforza and Edwards 
In addition to Its appl ication in systematics studies, 
electrophoresis provides information on how much genetic 
variation is present within a particular population or 
species. Hundreds of elec~rophoretic studies have been made on 
a wide range of organisms since the technique was first used 
in the 1560's (Lewontin & Hubby, 1566; Harris, 1566) . Most 
Investigations have found high levels of variation in almost 
al I populations of outcrossing species. These data have been 
used as the basis for more global analyses (eg. Ward, 1577; 
Nei. Fuerst & Chakroborty, 157B; Ward & Sklbinski, 15B2; 
Skibinski & Ward, 15B1, 15B2; Thorpe, 15B3; Nevo, 6ei les & 
6en-Shlomo, 15B~). However, from these overviews, it can be 
seen that, in relation to the number of species within the 
class, there have been few electrophoretic comparisons between 
insects other than Drosophi lidae. 
The restricted population structure of the British 
Nemouridae raised such questions as whether these species are 
less genetically variable than more vagi le insects, and 
whether the more widespread stone-fl ies (Nemoura cinerea and 
Amphinemura sulcicol lis) are more variable than the more local 
species. The answers to these questions could help to give an 
insight into the evolutionary significance of the molecular 
variation detected using electrophoresis. There do not appear 
to be any previous reports of multi-locus electrophoresis 
investigations using Plecoptera; Picker (15BO) used only one 
enzyme (esterase) in an examination of the taxonomy of some 
South African stonefl ies. 
Part of the work reported 
publ ished (Lees and Ward, 1567). 
in this section has been 
't5 
~.2.Materlals and Methods 
The sampl ing sites which provided the animals for this 
survey are shown in Table 2.1. and Figure 2.1. (Chapter 2). 
Samples from more than one population were used for 
electrophoresis in all species except Nemoura dubitans and 
Nemurel la pictetl which came from single populations, 
although not al I populations were screened for al I the 
enzymes. 
A complete I ist of the enzyme staining systems 
investigated is given in Table ~.1. The stains were mostly 
standard ones adapted from Harris and Hopkinson (1976) and 
Shaw and Frasad ( 1976) . The stains for trehalase, 
fructose-6-phosphate dehydrogenase and threonine dehydrogenase 
were as described by Meredith (19BO). 
Several other buffer systems were tried in addition to 
the final ones I isted in chapter two, in an attempt to 
increase the number of loci screened and improve resolution, 
but these were unsuccessful. 
The BIDSYS 1 program (Swofford & Selander, 19B1) was 
used to analyse the data and to generate dendrograms. 
't.3.Results 
~.3.1.Species Collected 
Despite extensive field trips around the Un i ted 
Kingdom (the sites I isted in Table 2.1. represent less than 
one third of the total number of streams sampled), only nine 
of the eleven British Nemouridae were collected. These were: 
50 
Nemoura cinerea (Retz.) 
Nemoura dubitans (Mort.) 
Nemoura cambr I ca (Ste'ph.) 
Nemoura avicularis (Mort.) 
Protonemura meyeri (Pict.) 
Prbtonemura praecox (Mort.) 
Amphlnemura sulcicol I is (Steph.) 
Amphinemura standfussl (Ris.) 
Nemurel la picteti (Klap.) 
The two species not found were Nemoura erratica 
(Claas.) and Protonemura montana (Klm.). P. montana is 
in described as rare in Britain, and has only been found 
streams over 500 metres above sea level (Hynes, 1977). Samples 
were collected from two streams where it has been recorded in 
the past: Rydal Beck, Cumbria (Kimmins, 19~1) and Knock Ore 
Gi I I, Cumbria (Brown, Cragg & Crisp, 196~) , but the species 
was not found. N.erratica has been reported in several stream 
surveys where N. cambrica was found at the same site (Brown, 
Cragg and Crisp, 196~; Langford and Bray, 1969). Samples were 
taken from some of these streams but only one species appeared 
to be present. There were no major biochemical differences in 
the N. erratica/cambrica samples and there was no other 
evidence such as an excess of homozygotes at the Est-2 or PGM 
loci to indicate that two species were present. The identity 
of N. cambrJca nymphs was confirmed from adults collected from 
the Peak District streams. Therefore, al I simi lar specimens 
collected from other areas were subsequently classified as N. 
cambrica. It is difficult to separate the nymphs of N. 
erratlca and N. cambrica using morphological characters (Bird, 
51 
1983). It seems likely, therefore, that some previous records 
may be inaccurate unless the Identifications were supported by 
adult specimens. 
~.3.e.Gel Interpretation 
Fourteen enzyme staining systems gave satisfactory 
results, interpreted as the products of sixteen gene I QC i • 
that could be scored for al I nine species (Table ~.e.). For 
each locus, the enzyme bands were scored relative to the 
position of the commonest al lozyme of ~. cinerea which was 
designated as 'lOO'. Higher numbers 
(more anodal) bands on the gel. 
indicate faster migrating 
Stained gels showed only one zone of activity for most 
enzymes in al 
stained for 
aminopeptidase. 
the spec i es. The exceptions to this were gels 
hexanol dehydrogenase, esterase and leucine 
These zones were interpreted as the products 
of different loci. The most anodal were labeled locus 1 for 
hexanol dehydrogenase and esterase (Note that a third, slower 
zone appeared on gels stained for esterase for al I species, 
but this was never interpreted satisfactorily). Gels stained 
for leucine aminopeptidase displayed two monomorphic bands of 
activity. The most strongly staining one appeared in identical 
positions on gels of a variety of buffer systems stained for 
acid phosphatase and alkaline phosphatase as wel I as leucine 
aminopeptidase. This phenomenon has not been reported in other 
electrophoretic studies. However, in the absence of any 
variation to help clarify the situation, all these were 
conservatively assumed to be the product of a single 
'phosphatase' locus producing an enzyme with a broad substrate 
speciflcity. The faster migrating band, which appeared only on 
Se 
gels stained for leucine aminopeptidase, is the leucine 
aminopeptidase of Table ~.3. 
Two further paints of interest were: 
1. Hexanol dehydrogenase appears to have a substrate 
speclflclty for hex ana I since octanol, ethanol and isopropanol 
were Inactive as substrates. 
e. AI I P. meyeri screened for phosphoglucose isomerase 
produced a three banded pattern on the zymogram (Plate 
~. e. ). The bands could be caused by species specific 
post-translational modifications of the original isozyme or by 
the hybridisation as dimers of the products of dupl icate loci. 
The absence of any observed genetic variation for the enzyme 
in this species meant that it was not possible to discriminate 
between the two explanations. The first interpretation, that a 
single locus is present, has been used in al I the analyses. 
The genotypes of the animals screened were determined 
from their banding pattern on the gels (see Plates ~.1. and 
~.e.). Allele frequencies at each locus could then be 
estimated and are presented in Table ~.3. along with sample 
sizes and the number of populations used for each locus. Note 
that not al I enzymes were screened in al I populations. Allele 
frequencies were calculated from the sum of the genotypes 
observed in al I populations screened for that enzyme. 
As with most studies of this type, the absence of 
formal breeding data means that the genetic basis for the 
enzyme banding patterns can only be inferred. However, the 
appearance of the heterozygotes of the polymorphic loci Is 
consistent with the quaternary struc~ures of the enzymes 
determined In other surveys, and the lack of significant 
( 
53 
deviations from Hardy-Weinberg expectations In individual 
populations adds further support to a genetic interpretatinn. 
'1.3.3.Analysls 
Estimates of overal I genetic variabl I Ity (observed and 
expected mean heterozygosities per locus; proportion of 
polymorphic loci; and mean number of alleles) are given In 
table '1.'1. AI I the measures of variabil ity were low. The mean 
observed heterozygosity per species ranged from 0.005 for 
Nemurel la picteti to 0.067 for N. cinerea and the overal I mean 
observed and expected heterozygosities were 0.036 and 0.0'17 
respectively. The observed heterozygosity is less than 
expected for most species due to the effect of combining data 
from several populations, causing a 'Wahlund effect'~ The mean 
proportion of loci that were polymorphic per species was 
0.1'16, and the mean number of al leles per locus was 1.25. 
The 8IOSYS1 program calculates genetic distance 
statistics between populations or species using most measures 
that have been employed in the past ( i e. Caval I i-Sforza and 
Edwards, 1967; Edwards, 1971, 197'1; Nel, 1972, 1978; Rogers, 
1972; Wright, 1978). The most widely used statistics in the 
I iterature are those of Nei (1972,1978). The main reason for 
this appears to be that Nei's measures of genetic distance and 
identity were devised expressly to estimate a biological 
attribute, the average number of amino acid substitutions per 
protein, whereas the other measures are based purely on 
statistical considerations (Ne i , 1975) . However, Nei 's 
measures have been criticised by Farris (1981) because they do 
not satisfy the triangle inequality , w~ere, for any three taxa, 
A8C, distance (A,C) < distance (A,8) + distance (8,C), and are 
-------- -
,. A ci"f'-ic itoT-hete-r=:~zidg-';t';~---;-;::;--;--sa-";p I" caused by the 
inclusion of individuals from two or more seperate populations 5'1 
where different a I I e I es predom i nate. 
therefore, considered less appropriate for phylogenetic analysis 
than the other statistics. A matrix of Nei 's unbiased genetic 
distances and identities (1976) is presented in Table ~.5. to 
facil itate comparisons with other work. 
Dendrograms or phylogenetic trees can be constructed 
from genetic distance matrices to give a clearer presentation.of 
the phylogeny. As with the genetic distance statistics, numerous 
methods have been used in the literature to estimate 
phylogenetic trees (eg. Sokal and Sneath, 1963; Caval I i-Sforza & 
Edwards, 1967; Fitch & Margol iash, 1967; Farris t 197c; 
Felsenstein, 1961). There is considerable debate over which 
a~roach gives the 'best' tree (Farris,197c; Sneath & Sokal, 
1973; Nei, 1975; Prager& Wi Ison, 1976; Swofford, 1961). Trees 
constructed using two of the more widely used methods, the 
unweighted pair group method of analysis (UPGMA) of Sokal & 
Sneath (1963) and the distance-Wagner method of Farris (1972), 
are presented in Figures ~.1. to ~.6. allowing a direct 
comparison of the resulting phylogenies to be made. 
Nei 's genetic distance and identity statistics cannot be 
used to construct distance-Wagner trees because they do not 
satisfy the triangle inequal ity. Distance-Wagner trees were 
produced using the other distance measures avai lable on 6IDSYSl 
in conjunction with the alternative branch-length optimisation 
and rooting procedures. Very simi lar tree topologies wer~ 
produced from al I the different distance matrices. However, the 
trees generated using Edward's (1971, 197~) distance measure 
(Figures ~.3-6. Table ~.6.) had the best fit to the input data 
as measured by al I the tree comparison methods: % standard 
deViation, 
f-statistic, 
Fltch and Margol iash (1967), Farrls' (1972) 
Prager and Wi Ison (1976) F, and the cophenetic 
< 
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correlation. The 'goodness of fit' statistics are given in the 
legends to the dendrograms. Figures ~.3. and ~.5. show the trees 
that were generated using either addition criterion 1 of Farris 
(1972) or the multiple addition criterion of Swofford (19B1). 
Figures ~.~. and ~.6. were generated using addition criteria 2 
or 3 of Farris (1972). These addition criteria use different 
methods to determine the order that taxa are added to the 
dendrogram to minimise the total distance between members of the 
group. Flgures~.S. and ~.6. were rooted at the mid-point of the 
longest path. Figures ~.3. and ~.~. were rooted by the out group 
method: Nemurella picteti having been preselected as the 
outgroup species from the UPGMA trees. 
~.3.~.Electrophoretic key 
The key shown below is divided into three sections 
because even smal I nymphs can usually be ascribed to one of 
the groups using the number of prosternal gil Is (Hynes, 1977). 
AI I mobil ities are scored relative to Protonemura meyeri, 
since these are the-largest Nemourldae in streams at the time 
of year when most difficulties are I ikely to be encountered in 
Identifying other species. Many loci are diagnostic between 
species (Table ~.3.). The four used here, PGI, AP, EST, and 
PGM, have been chosen because they have good activity in smal I 
specimens (the dehydrogenases in particular show weak activity 
in smal I nymphs). Also, since the stains for PGM and PGI can 
be combined, al I three enzymes can be typed on a single gel 
(buffer system 1) sliced In~o three. This saves time and money 
and is particularly useful when very smal specimens are 
Involved. Note, however, that resolution of EST is better on 
buffer system 2. Figures ~.7. (PGI), ~.B. 
( 
(AP-1), ~.9. (EST, 
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on buffer system! ) and ~.10. (PGM) show the banding patterns 
observed for the species under discussion. Where a locus is 
polymorphic. all the observed phenotypes are shown in the 
figures. 
SECTION 1 
Genus: Protonemura (3 prosternal gi I Is on each side) . 
PGI (I) three banded pattern ........................ E. meyeri 
(i I) single band ........................... P. praecox 
SECTION 2 
Genus:Amphlnemura (5 to B prosternal gl I Is on each side) 
AP-1 (I) mobll Ity less than E. meyerl ........... ~. standfussl 
(I I) mobll Ity greater than P . meyerl ...... ~. sulcicol I Is 
or 
PGM ( I) mobll I ty greater or egua I to P. meyer i .. ~. standfuss I 
(I I) mobll Ity less than E. meyerl ........... ~. sulclcol I Is 
SECTION 3 
Genus: Nemoura or Nemurel la (No prosternal gi I Is) 
1) PGI (I) mobility approximately egual to P. meyerl ........ 2 
(I I) mobll Ity less than P. meyeri .......... ~. avlcularls 
(I I I) mobll Ity greater than P. meyerl ......... ~. dubltans 
2) AP-1 (i)mobll ity approximately egual to E.meyerl.~.cambrlca 
( i I.) mobll I ty greater than P. meyer I .................. 3 
( 
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3) ES (I) mobll Ity of ES-l much slower than P. meyeri. and 
close to ES-c (which Is faster than ES-c of 
E. meyer i ) ........................ Nemure I I a p i ct et I . 
(I I) ES-l only si Ightly slower than E. meyerl. and ES-l 
and ES-c wel I separated ..................... ~. cinerea 
An alternative key using electrophoretic markers only 
Is shown below. This may be needed when al I specimens are 
small. Again, al I the enzymes can be screened on a single gel 
using buffer system 1. Here mobll Itles are scored relative to 
N. cinerea since this Is the most widespread species. 
1) AP-l i) mobility greater than commonest allele 
inN. cinerea .......................•............. c 
I i) mobll Ity less than In N. cinerea .................. 3 
c) PG! I) mobll ity of commonest allele. greater 
. than~. cinerea 100 al lele ........... ~. sulclcol lis 
I) mobll Ity of commonest allele equal 
to N. cinerea 100 allele ............... Nem. pictetl 
3) PG! I) mobll Ity of commonest allele about 
twlce~. cinerea 100 .................... ~. dubitans 
I I) mobll ity of commonest allele half 
of~. cinerea 100 ..................... ~. avicularls 
I i i), mobll Ity equal to~. cinerea 100 ........ ~. cambrica 
Iv) mobll ity si ightly greater than 
~. cinerea 100 ...•.................... ~. standfussi 
v) mobilty si Ightly less than 
N. cinerea 100 .................................... 't 
< 
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~) PGI i) al I three banded phenotypes ............... E. meyeri 
i) not al I three banded ..................... E. praecox 
or 
PGM i) mobil ity greater than N. cinerea ......... E. meyerl 
i i) mobility less than N. cinerea ........... P. praecox 
~.~.Discussion 
Electrophoretic keys are becoming more common in the 
Iterature (eg. Ayala and Powel I. 197e; Avise. 197~; 
Berlocher, 19BO). The main disadvantage of using 
electrophoresis for species identification is the cost of 
equi~ing a laboratory and retraining personel.Also, because 
enzymes are denatured by alcohol or heat, it Is necessary to 
transport material for analysis either I ive or frozen. 
However. the capital costs are probably about the same as a 
research qual ity dissecting microscope and transport problems 
can be overcome. The additional recurrent costs of chemicals 
for the enzyme stains may be more than balanced by the time 
saved In making a positive Identification (Berlocher, 19BO). 
This is particularly true of the keys presented here, where a 
clear diagnosis can be made using only one starch gel. 
The use of electrophoresis for insect identification 
has several advantages. The lack of clearly distlnguishlMg 
morphological characters In certain groups has already been 
mentioned and ,unl ike morphology, enzYme mobil ity is largely 
unaffected by environmental variables allowing unambiguous 
classification of species. Another feature of electrophoretic 
keys Is that badly mangled specimens and anomalous morphotypes 
can be identified. 
( 
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The key proved Its value In Identifying some anomalous 
specimens of P. meyerl and ~. standfussl collected near Llyn 
Br I anne in Dyfed, Wa I es. The Protonemura were completely 
gill-less and were initially considered to be in the genus 
Nemoura . whilst the Amphinemura pO$~ssed only short gi I I 
stumps g I v I ng an appearance si m i I ar to a typ I ca I Protonemura·. 
Also, N. dubitans was only init lal Iy detected by 
electrophoresis. The nymphs of this species resemble those of 
N. cinerea very closely making It very difficult to 
distinguish between them. They can be easi Iy identified by 
e I ectrophores Is, however, and many loc I are d i agnost I c (Tab'l e 
't.3.). 
A feature common to most Invertebrate electrophoretic 
comparisons Is the low numbers of loci that have been 
successfully resolved, relative to vertebrate studies (Nevo 
et !!l, 198't). Th'i s seems to be ma i n I y due to the I ack of the 
multiple loci which often appear when vertebrates are screened 
for single enzymes. In this investigation, only gels stained 
for esterase and hexano I' dehydrogenase (and possibly 
phosphog I ucose I somerase In P. meyer I) gave band patte.rns that 
could be Interpreted as the products of more than one 
locus. When attempting to quantify genetic simi larltles 
between popu I at ions, the sizes of. the errors. attached to the 
estimates of genetic Identity or distance are more dependent 
on the numbers of loci screened than on numbers of individuals 
examined (Nel, 1978; Gorman and Renzi 1979). Fifteen I oc i Is 
perhaps a minimum acceptable number. 
There were clear differences In the topologies of the 
trees produced by the UPGMA or Dlstance-Wagner procedures from 
( 
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the data on 15 enzyme loci (Figures ~,1-5,). The trees 
generated by UPGMA (Figures 't . .! and e.) are in agreement with 
the phylogeny derived using morphological features, with the 
fami Iy comprising four distinct genera: Nemoura, Protonemura, 
Amphinemura and Nemurel la (Hynes, 1977). However, none of the 
Dlstance-Wagner trees conform with the classical systematics 
of the. fami Ily. In all the Distance-Wagner trees, the genus 
Nemoura is spl it and the positions of N. cambrica and N. 
avicularis varies depending on which addition criterion or 
method of rooting the trees is used (Figures ~.e-5.). Sw of ford 
(1981 ) also found that different tree topologies and 
branch-lengths were generated when different addition criteria 
were used, He suggested the use of his 'multiple addition 
criterion' (MAC) to circumvent the problem. In the data 
presented here, however, the trees generated using MAC are 
identical in topology to those generated using Farris' (197e) 
addition criterion 1 (Figures ~.3 and 5.) 
The debate over which method of generating trees is 
most appropriate for various biochemical data sets has usually 
involved the evaluation of alternative trees using 'goodness 
of fit statistics' (for example, Prager and Wi Ison, 1978, and 
swofford, 1981) . A comparison of the UPGMA tree and 
Distance-Wagner trees derived using Edward's (1971, 197'1) 
genetic distance (Figures 't.e.-5.) shows that the UPGMA tree 
gave a better fit to the input distance matrix than any of 
the Distance-Wagner trees (Iow f-value, low percent standard 
deviation and high cophenetic correlation). The superior 
performance (as measured by goodness of fit) of the UPGMA 
procedure over the Distance-Wagner procedure contrasts with 
the findings of Farris (197e), 
( 
Prager and Wi Ison (1978) and 
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Swofford (1981), who al I recommend the Dlstance-Wagner method, 
However. Rohlf and Sokal (1981) re-examined several publ ished 
comparisons between tree generating methods and found that 
UPGMA gave the best fit when tests were correctly formulated. 
The fit· to the Input data of the Dlstance-Wagner trees 
can be improved by using Swofford's (1981) branch-length 
optimisatlon procedure. This method was devised to minimise 
Prager and Wi Ison's (1976) F-value, and is claimed to al Iowa 
fairer comparisons. with the other tree generating methods. 
This is because Farris' (1972) Distance-Wagner procedure 
requires al I output (branch-length) distances to be greater 
than or equal to the input distances whereas UPGMA does not 
allowing an unfair advantage for UPGMA in goodness of fit 
comparisons (Swofford, 1981). After optimisation, all the 
Distance-Wagner trees had a better fit to the input data than 
the UPGMA tree. However, the trees shown in Figures ~.~. and 
~.6, have a better fit than those in Figures ~.3. and ~.5. 
after optimisation, which is the reverse of the outcome using 
the original, non-optimised method. 
The main advantage claimed for the Distance-Wagner 
(or Fitch-Margollash) methods over UPGMA is that trees 
produced using UPGMA can only be regarded as true evolutionary 
trees if the rate of gene substitution per unit length of time 
is constant in al I phyletic I ines and this assumption may not 
be valid. The other methods do not require this assumption. 
This may be an advantage for the Distance-Wagner procedure 
when examining the evolutionary relationships of closely 
related species. However, in cases such as in the Nemouridae, 
where the genetic distances between taxa are large, the UPGMA 
method may perform better than the others because the error 
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values attached to the distance estimates make it more like I y 
, 
that erroneous trees wil I be produced by Distance-Wagner 
methods (Ne i , 1975) .. This seems to be true of the data 
presented here since, apart from the UPGMA trees having a 
better fit to the Input data than standard Distance-Wagner 
trees. the branching se9uences of the· latter trees seem to 
indicate some unl ikel y common ancestors. Also when 
Distance-Wagner trees are rooted at the mid-point of the 
longest path (Figures ~.5. and ~.6.). e9ual rates of gene 
substitution along the two phyletic lines is inferred, 
negating one of the claimed advantages of this method. 
However. recent work (Nei et ai, 19B3) has shown that the 
accuracy of the topology and branch-length estimates is low 
for trees generated by any method when less than eO loci have 
been examined,though the UPGMA method performed the best. 
The intra-generic genetic distances are large (Table 
~.5.), which contrasts with the close external morphological 
s i m I I ar I ties of some of the species. Indeed, these 
intra-generic distances are of a comparable magnitude to 
inter-generic estimates reported for other invertebrates 
(Ayala. 1975; Ferguson, 19BO). This supports the accepted view 
that the Plecoptera are an evolutionari Iy archaic order 
(Rausser. 1971) and that most species pre-date the Pleistocene 
glaciation (11 lies, 1965) .. If certain assumptions are made 
(Nei, 1975), a crude estimate of the elapsed time since two 
lineages separated can be obtained from the genetic distance 
measures. Based on the correlation proposed by Maxson and 
Maxson (1979), in which a Nei distance of 1.0 e9uals 1~ 
m I I I I on years. the time elapsed since the divergence of P. 
meyeri and P. praecox, the two most closely related species, 
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is about 7.5 ml II Ion years, and the four genera appear to 
have diverged around 22-27 mil I ion years before present. It 
should be pointed out, however, that as a consequence of the 
relatively smal I numbers of loci screened, the standard errors 
attached to the D values are 
the actual values. 
large, being around one-third of 
Within the genus Nemoura, the nymphs of N. cinerea and 
N. dubitans are the most simi lar in external morphology and 
are difficult for the non-special ist to separate on 
morphological grounds, although they may readi Iy be separated 
allozymically, This slmi larity appears to be reflected in the 
phylogenies shown in Figures ~.2.-6. based on Edward's (1971, 
197~) genetic distance. (The distance measures of 
Caval I i-Sforza and Edward's (1967) and Prevosti (in Wright, 
197B) gave the same result but these are not shown). However, 
the phylogenies derived using Nei's (1972, 197B) genetic 
distance indicate that N. cinerea is more closely related to 
N. cambrica. The same result 
(1972) genetic distance (not 
was obtained using 
shown) . Differences 
Roger's 
in the. 
ordering of species in phylogenetlc trees depending on which 
distance measure was employed have been reported before 
(Rogers, 1972). Based on the goodness of fit statistics and 
morphology, it appears that the UPGMA tree produced using 
Edward's (1971, 197~) distance (Figure ~.2.) is the most 
accurate representation of the species relationships in the 
Nemouridae. Nei 's distance estimates appear to favour the N. 
cinerea / N. cambrica cluster because of the fixation of the 
PGI-100 allele in ~. cambrica. This produces a smaller genetic 
distance than that resulting from 3 shared al leles at the PGM 
locus between N. cinerea and N. dubitans. 
6~ 
Nemoura avlcularls appears to be genetically distant 
from the other three Nemoura species (Figures ~.3.- 6.). This 
may be a reflection of adapt ion to a more special ised habitat: 
N. avlcularis Is most common in lacustrine environments 
whereas the other species mainly occur in smal I streams. 
However. the large standard errors attached to the genetic 
distance estimates mean that conclusions about species 
relationships can only be tentative. 
The amount of overall genetic variabil ity is low in al I 
the species relative to that found in other invertebrate 
surveys (Ferguson. 19BO) • and is below the average for 
non-Drosophi la insects in Nevo ~ al's (19B~) study. There. 
the mean expected heterozygosity per locus over 122 species 
was 0.OB9.and the mean proportion of polymorphic loci over 
130 speCies was 0.351. compared w i t:h an expected 
heterozygosity per locus of 0.0~7 and proportion of 
polymorphic loci of 0.1~6 for Nemouridae. 
Many different: types of explanations have been put 
forward to account for differences In het:erozygosity between 
species. Non-adaptive or "neutral ist" Interpretat:lons at:tempt: 
to explain such variation In terms of variation in demographic 
parameters. such as effective populat:ion size. populat:ion 
histories or rat:es of migration. whereas adapt:ive or 
useleccionisc." explanations invoke variation In ecological 
features such as niche-width or trophic resource uti ization. 
The most probable explanation for the low levels of 
variation in Nemouridae is that variation has been lost: during 
periodic population crashes producing bottle-necks in 
population size. The disjunct distribwtion patterns and poor 
mobility means that re-colonisation is I ikely to have occured 
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from a few survivors within a particular stream rather than 
from another population, so that any al leles lost during the 
population crash would not be replaced when the stream was 
re-colonized. Drastic fluctuations in fresh-water Invertebrate 
numbers between years Is a common observation (Hynes, 1970). 
An alternative, selectionist, interpretation of the low 
varlabi I ity might be that these insects occupy rather narrow 
niches, where selection might favour single specialised 
genotypes. 
Nemoura cinerea and Amphinemura sulcicol I is are the 
two most variable species within 
measures of variation are considered. 
the family when al I 
This appears to conform 
to the prediction of the niche-width/variation hypothesis, 
that there is a positive correlation between niche breadth and 
amount of genetiC variation (Somero and Soule, 197~; Levins, 
1978) since these two species have the widest temperature 
tolerances (Brown et ~, 196~) and are found in a greater 
range of environments than the others (Brlnck, 19~9; Hynes, 
1977). This Is especially true for N. cinerea which has been 
termed a "eurycoenic" species from its wide distribution In 
Europe (Rausser, 1971). A selectionist interpretation of these 
data would be, therefore, that the greater genetic variation 
of these species has resulted from adaptation for survival in 
varied environmental conditions. However, an equally 
plausible explanation is that species which can survive in the 
widest range of habitats have the largest effective population 
sizes. since migration between isolated upland areas via 
lowland drainages is more probable. This would then conform to 
a neutralist interpretation of the results since the number of 
neutral al leles that can be maintained in a population is 
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dependent. upon 
Oht.a and Kimura, 
it.s effect.lve size (Klmura and Oht.a, 1971; 
1973) . Unfort.unat.ely, t.he dist.ribut.ion of 
Plecopt.era in most. lowland regions of Brit.ain has not. been 
fully Invest.lgat.ed (Hynes, 1977) , and informed est.imates of 
effect.ive populat.lon sizes can not. be made. 
The high level of genet.ic variat.ion found 
Prot.onemura praecox seems rather enigmat.ic. This species 
in 
is 
st.enot.hermic (Brown et. ai, 196~) and it.s present. dist.ribut.ion 
is more rest.rict.ed t.han t.hat. of P. meyeri (Hynes,1977). AI I 
t.he popu I at. ions of E. praecox were from large st.reams which 
may provide a wider range of habit.at. t.han t.he head wat.er 
st.reams where most. of t.he ot.her species were collect.ed. 
This would const.it.ut.e a select.ionist. int.erpret.at.ion. However, 
a neut.ral ist. could argue t.hat. t.hese larger st.reams have a 
great.er effect.ive populat.ion size due t.o t.he drift. of nymphs 
down-stream from st.reams higher up t.he cat.chment.. 
A neut.ral ist. explanation for t.he apparent.ly low level 
of variation in populat.ions of P. meyeri is more difficult. 
since it is one of ~he most. numerous and widely dist.rlbut.ed 
members of t.he Brit.ish Nemourldae. This species has been found 
t.o have a habit.at. preference for pat.ches of moss growing on 
t.he st.ream bed (Hynes, 19~1; Brown, Cragg and Crisp, 196~; 
personal observat.ions). The low amount. of genet.ic variat.ion 
could, t.herefore, be t.aken as support. for t.he nlche-widt.h 
variat.lon hypot.hesis since, by select.ing a part.icular habit.at., 
P. meyeri may experience a narrower range of environment.s. 
Thus t.he over a I I pat.t.erns of variat.ion of t.he 
Nemouridae appear, as is so oft.en t.he case, t. 0 fit. egua I I y 
well t.he expect.at.lons of bot.h t.he sele~t.lonlst. and neut.ral 1st. 
schools of t.hought.. The biological significance of t.hls 
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variation is questionable: what is not questionable Is that it 
provides a useful tool for species identification and 
characterisation. 
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TABLE ~.1. The enzymes invescigated In the Nemourldae 
ENZYME ABBREVIATION 
Acid phosphatase 
Acid phosphatase (u.v.) 
Adenosine deaminase 
Adenylate kinase 
Alcohol dehydrogenase 
Aldehyde oxidase 
Aldolase 
Alkal ine phosphatase 
Amino acid transferase 
Aminopeptidase Phe-Ieu 
.. 
Amylase 
NAO diaphorase 
Esterase 
Phe-pro 
Leu-tyr 
Fructose-6-phosphate dehydrogenase 
Fucose 
Fumarase 
Glucose-6-phosphace dehydrogenase 
Glutamate dehydrogenase 
Glyceraldehyde-phosphate dehydrogenase 
~-Glycerophosphate dehydrogenase 
Glyoxalase 
Hexanol dehydrogenase 
Hexokinase 
Hydroxybutyrate dehydrogenase 
Isocitrate dehydrogenase 
Lactate dehydrogenase 
Leucine aminopeptidase 
Malate dehydrogenase 
Ma I i c enzyme 
Mannose phosphate isomerase 
Nucleoside phosphorylase 
Octanol dehydrogenase 
Phosphoglucose isomerase 
Phosphoglucomutase 
6-Phosphoglucose dehydrogenase 
Protein 
Sorbitol dehydrogenase 
Tetrazol ium oxidase 
Threonine dehydrogenase 
Trehalase 
Xanthate dehydrogenase 
ACP 
ACP(u.v. ) 
AOA 
AK 
AOH 
AD 
ALO 
ALP 
AAT 
AP 
AP-O 
AMY 
OIA 
ES 
F6POH 
FUC 
FUM 
G6POH 
GOH 
G3POH 
GPOH 
GLO 
HOH 
HK 
HBOH 
IDH 
LOH 
LAP 
MOH 
ME 
MPI 
NP . 
DOH 
PGI 
PGM 
6PGOH 
PT 
SOH 
TO 
TOH 
TRE 
XOH 
E.C.NUMBER 
3.1.3.e 
3.5.~.~ 
e.7.~.3 
1.1.1.1 
1.e.3.1 
~.1.e.13 
3.1.3.1 
e.6.1.1 
3.~.11.e 
3.~.13.9 
3. e. 1. 1 
1.6.e.e 
3.1.1.1 
~. le. 13 
~.e.1.e 
1. 1. 1. ~9 
1.~.1.e 
l.e.1.1e 
1. LLB 
~.~.1.5 
1.1.1.1. 
e.7.1.1 
1.1.1.~e 
1. 1. 1. e7 
3.~.11 
1. 1. 1. 37 
1. 1. 1. ~o 
5.3.1.B 
e.~.e.1 
1.1.1.1 
5.3.1.9 
e.7.5.1 
1. 1. 1. ~~ 
1.1.1.1~ 
1. 15. 1. 1 
~.e.1.1.6 
3. e. 1. eB 
Table ~.1. 
Table 't.2. The enzymes succesfu I I y resolved In 9 Nemourid 
Species 
Enzyme EC No. No.loci Structure Buffer 
Aldehyde oxidase 1.2.3.1 1 2 
a-amylase 3.2.1.1. 1 5 
Aminopeptidase-1 3.'t.11.2 1 dimer 1 
Aminopeptidase-D 3.'t.13.9 1 1 
Esterase 3.1.1.1. 2 monomer 2 
Hexokinase 2.7.1.1. 1 1 
Hexanol dehydrogenase 1.1.1.1. 2 dimer 3 
Lactate dehydrogenase 1. 1. 1. 27. 1 3 
Leucine aminopeptidase 3.'t.11. 1 3 
Malate dehydrogenase 1. 1. 1. 37. 1 't 
Mal le enzyme 1. 1. 1. 'to. 1 't 
Fhosphoglucose isomerase 5.3.1.9. 1 dimer 1 
Fhosphoglucomutase 2.7.5.1. 1 monomer 1 
Fhosphatase 3.3.3; 1 3 
Note: Aminopeptidases 1 and 0 used phenylalanyl-Ieucine 
dipeptide and phenylalanyl-prol ine dipeptide respectively as 
substrates. 
Quaternary structures are only gi~en 
enzymes. and are interpretations of, 
patterns. 
( 
for the polymorphic 
heterozygote banding 
Table 't.2. 
Tf'l8LE '1.3. f'l1 I e I e frequenc fes at. 16 loci In 9 Nemourid Species 
Species 
locus allele 1 2 
.2 .j" 2- .§.. 2. ~ 9 
Aa n 139 55 23 18 15 56 16 38 23 
N 10 6 1 3 1 5 2 3 8 
112 1.000 
110 1. 000 1. 000 
108 1. 000 
105 1. 000 
102· 1. 000 1. 000 
100 1. 000 1.000 
a-RMY n 63 23· 16 17 15 33 18 19 25 
N 10 'I 1 1 1 6 2 1 'I 
115 1. 000 
110 1. 000 
107 1. 000 
105 1.000 
102 1.000 
100 1.000 
97 1. 000 
95 1.000 
90 1. 000 
AP-l n 920 1'10 '11 35 57 203 37 2B 77 
N 10 9 1 3 1 13 'I 9 12 
leD 1. 000 
115 0.005 
110 1.000 
100 0.90'1 
90 0.091 
55 1. 000 
52 1. 000 
50 1. 000 
'17 1.000 
't5 1. 000. 
35 1. 000 
AP-D n 338 17 22 32 19 199 3'1 2'1 37 
N 11 3. 1 3 1 11 . 'I 7 8 
105 1. 000 
100 1. 000 1. 000 
97 1.000 
95 1. 000 
92 1.000 
90 1. 000 
85 1. 000 1. 000 
ES-1 n 't30 69 't5 19 50 128 '15 62 110 
N 10. 'I 1 3 1 6 3 'I 8 
110 1. 000 
108 1.000 
107 1. 000 
105 1. 000 
102 1. 000 
( 
Table 't.3. 
100 1. 000 
97 1. 000 
95 1. 000 
65 1. 000 
ES-c n '1:30 'le 'IS 19 SO 1:36 c7 Se _ 7:3 
N 10 'I 1 :3 1 6 :3 'I 6 
106 1. 000 
10c O.clc 0.c60 
100 1. 000 
96 0.766 0.596 
97 O,Oc't 
96 1. 000 
95 0.661 
9'1 0.159 O. 1 '1'1 
9:3 0.095 
9c 0.6'11 0.'107 
so 0.59:3 
86 1. 000 
HK n c67 '16 cc 16 16 115 c't 17 :36 
N le 5 1 c 1 11 'I 1 7 
110 1. 000 _ 
105 1. 000 
100 1. 000 1. 000 1.000 1. 000 1. 000 1. 000 
95 1. 000 
HDH-l n 795 :3:3 cO cl c6 cl c:3 11'1 101 
N 10 'I 1 :3 1 5 1 10 10 
110 0.167 
105 1.000 
10c 1. 000 1. 000 
100 0.765 
97 1.000 
95 1. 000 
9c 0.'11:3 
90 0.069 
66 1.000 0.567 
60 1. 000 
HDH-2 n 121 :3:3 16 21 26 21 2:3 11'1 66 
N 10 'I 1 :3 1 5 1 10 10 
-, leD 1.000 0.:326 
110 1. 000 
100 1.000 1.000 1.000 1. 000 0.67'1 
96 1. 000 1. 000 
U\P 
-!l 1'10 15 16 15 16 22 17 16 16 
N 5 :3 1- 2 1 :3 1 1 :3 
100 1. 000 1. 000 1. 000 1.000 1.000 1. 000 1. 000 1. 000 1. 000 
LDH !l 2'1'1 5'1 16 16 17, 1 '1'1 25 10:3 10'1 
N 1'1 6 1 2 1 5 :3 5 11 
leD 1.000 
115 1.000 
110 1.000 
105 1. 000 
100 1.000 1. 000 
56 1. 000 1.000 
55 1. 000 
Table 't.3. 
MOH n 201 65 26 16 17 106 17 20 19 
N 12 6 1 1 1 8 5 1 't 
110 1.000 
100 1. 000 
80 1.000 
70 1.000 
60 1.000 
50 1. 000 1. 000 
'to 1. 000 1.000 
ME !:! 21'1 58 23 25 2'1 117 39 23 28 
N 11 7 1 2 1 11 't 2 5 
115 1. 000 
110 1. 000 
105 1. 000 
102 1. 000 
100 1. 000 1. 000 
95 1.000 
90 1.000 
85' 1.000 
PGI n 1095 171 33 '13 6't 19't 67 77 101 
N 10 9 1 3 1 15 8 9 H~ 
220 0.7'12 
200 0.227 
150 0.188 0.015 
120 0.007 0.039 0.805 0.970 
100 0.9'1't 1. 000 0.030 0.961 0.006 0.015 
90 1.000 1. 000 
50 0.0'18 1.000 
PGM n 979 12't 15 22 't5 269 70 82 100 
N 10 9 1 3 1 15 8 9 12 
130 0.068 
120 0.00't 0.932 0.8't5 
115 0.993 0.155 
110 0.372 0.'138 
105 0.573 1. 000 0.007 
100 0.597 0.531 
, 97 0.0't3 
95 ,D. '107 
92 0,957 
90 0.028 0.031 
85 0.020 
80 0.81't 
70 0.186 
PH05 ' !:! 289 27 16 31 15 120 28 21 20 
N 13 'I 1 3 1 12 5 1 't 
100 1. 000 1.000 1.000 '1. 000 1. 000 1. 000 1. 000 1. 000 1.000 
SRBC I.e$: 1. NemoL!ra cinerea: 2. Nemours cambrlc8; 3. Nemoura 
dubi tans: 'to Nemoura avicularls: 5. Nemure I t a pictet. i : 6. 
Prot.onemura meyer i ; 7. Prot.enemura praecox: 8'. 
Amphinemura st. andfuss I : 9. Amphlnemura sulclcollls. 
n = number of Individuals samp_1 ed 
N = number of populatlons sampled 
( 
Table't.::I. 
TABLE ~.~. Measures of genetic variation in 9 Nemourid Species 
Species Mean sample Mean no. /. I oc i ' Mean heterozygosity 
size/locus al le les polymorphic Observed Expected' 
/ locus 
N.clnerea ~17.B 1. 63 25.00 0.067 0.073 
(B't.l) (0.29) (0.035) (0.039) 
N.cambrica 61. 1 1. 25 12.50 0.031 0.0't5 
(11.3) (0.17) (0.023) (0.03't) 
N.dubltans 2't.9 1. 31 12.50 0.060 0.062 
(2.6) (0.22) (0.0't3) (0.0't3) 
N.avlcularls 22.9 1.06 6.2.5 0.009 O.OOB 
(2.1) (0.06) (0.009) (0.008) 
Nem. picteti 29.6 1. 06 6.25 0.005 0.005 
('t.3) (0.06) (0.005) (0.005) 
E..meyeri 117.9 1. 13 6.25 0.010 0.018 
(18; 6) (0.09) (0.009) (0.017) 
E.. praecox 32.2 1. 19 lB.75 0.055 0.081 
('t.l) (0.10) (0.031) (0.0't5) 
A.standfussI 50.8 1.25 18.75 0.026 0.0't6 
(9.1) (0.1't) (0.015) (0.028) 
A. su I c i co I I Is 58.5 1. 38 25.00 0.063 0.083 
(9.1) (0.18) (0.032) (0.0't't) 
overa I I mean 1. 25 1't.5B 0.036 0.0't7 
(0.18) (7.65) (0.025) (0.031) 
1) 0.99 criterion. 
2) unbiased estimate (Nel. 1978) 
Figures In-parentheses are standard errors. 
( 
Table 't.'t. 
TA8LE 't.s. Nel's (1978) genetic Identities (I, above dl agonal) 
and distances (0, below diagonal) between pairs of species. 
Species 1 c 3 't 5 6 7 8 9 
1. N. cinerea 0.39 0.37 O.CO 0.19 0.c6 O.CO O.cO O.cs 
c . N. cambrica 0.93 O.CO 0.c6 0.c3 0.19 O.CO O.cO O.CS 
3. N. dubitans 1. 00 1. 61 0.19 0.13 0.13 0.1:3 0.1:3 0.18 
'to N. avicularis 1. 61 1. 36 1. 6't O. 1:3 0.1:3 0.1:3 O. 1:3 O.C:3 
5. Nem. pi ctet i . 1. 66 1. 't8 C.O:3 c.07 0.1:3 0.1:3 0.13 O. 1:3 
6. P. meyeri 1. 3't 1. 6't C.O't c.07 c.06 0.59 0.19 0.c1 
7. P. praec_ox 1. 59 1. 61 C.OO c.03 C.O:3 0.53 O.CO O.CO 
8. A. standfussi 1. 61 1. 6c c.01 C.OS C.O:3 1. 6't 1. 61 0.51 
9. A. su I c i co I lis 1. 38 1. 'to 1. 70 1. 't8 c.01 1. 56 1. 59 0.67 
TA8LE 't.6. Edward's (1971, 197't) genetic distances between pairs 
of species. 
Species 1 c 't 5 6 7 8 
1. N. cinerea 
c. N. cambrica 1. O't 
3. N. dubitans 1. 02 1. 17 
'to N. avicularls 1. 17 1. 1 't 1. 18 
5. Nem. plctetl 1. 18 1. 15 1. c2 1.2:3 
6. P. meyeri 1. 1:3 1. 18 1.c2 1. 2:3 1. c:3 
7. P. praecox 1. 17 1. 18 1. c2 1. 22 1. c2 0.86 
8. A. standfussi 1. 17 1. 18 1. cc 1. 22 1. c2 1. 19 1. 18 
9. A. su I c i co I lis 1. 1:3 1. 1 't 1. 18 1. 15 1. cl 1. 15 1. 17 0.91 
Table 't.5. and't.6. 
PLATE ~.1. Gel si ice sta ined for Hexanol dehydrogenase (~. 
cinerea) 
HDH- 1 Genotypes 
100 110 100 100 110 100 100 110 100 110 110 100 100 110 100 
100 110 100 100 100 100 100 110 100 100 100 100 100 100 100 
110 110 110 110 100 110 100 100 110 110 110 100 100 100 100 
110 110 110 100 100 100 100 100 100 100 100 100 100 100 100 
Genotype Frequencies 
100/100 100/110 110/ 110 
16 9 5 
Allele Frequencies 
100 32 + 9 = ~1 /60 = 0.663 
110 9 + 10 = 19/ 60 = 0 . 31 7 
P I ate ~. 1. 
PLATE ~.2. Gel si ice stained for Phosphoglucomutase and 
Phosphoglucose isomerase. Species from left: Nemoura cinerea 
~. dubitans. ~. avicularis. Nemurel la plcteti . Amphlnemura 
standfussl, N. cambrica, Pro tonemura meyeri. 
Genotypes 
PGM 110 110 100 110 110 110 110 110 120 120 120 120 
100 100 100 100 100 90 110 100 120 120 120 120 
105 105 105 105 92 92 92 105 105 105 115 115 
105 105 105 105 92 92 92 95 95 105 115 115 
PG! 100 100 100 100 220 220 220 220 60 60 60 60 
100 10 0 100 100 220 220 220 220 60 6 0 60 60 
100 100 100 100 120 120 120 100 100 100 90 90 
100 100 100 100 120 120 120 100 100 100 90 90 
Plate 't.2. 
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Fi~ure 4.1. Genetic relationships between 9 Nemourid species 
based on allele frequencies at 16 loci (UPGMA cluster analysis). 
Far~is (1972) f - 6.196 
Pra~er and Wilson (1976) F a 10.541 
Percent Standard Deviation (Fitch & Mar~oliash, 1967) a 13.91 
Cophenetic Correlation - 0.831 
N.cinerea 
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Fijture 4.2. Genetic reJ.ationships between 9 Nemourid species 
based on aJ.J.eJ.e frequencies at 16 J.oci (UPGMA cJ.uster anaJ.ysis). 
Farris (1972) f - 0.851 
Prajter and WiJ.son (1976) F - 2.037 
% Standard Deviation (Fitch & MargoJ.iash, 1967) = 2.741 
Cophenetic CorreJ.ation - 0.922 
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Figure 4.3. Genetic relationships between 9 Nemourid species 
based on allele frequencies at 16 loci (Farris, 1972 
distance-Wagner analysis, addition criterion 1 and MAC). Rooted 
by outgroup method. 
Farris (1972) f - 0.981 (0.403) 
Prager and Wilson (1976) F ~ 2.348 (0.964) 
% Standard Deviation (Fitch & Margoliash, 1967) - 3.337 (1.391) 
Cophenetic'Correlation - 0.957 (0.982) 
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I 
0·66 
between 9 Nemourid species 
16 10ci (Farris. 1972 
criterion 2 and 3). Rooted by 
Figure 4.4. Genetic re1atlonshlps 
based on a11e1e frequencies at 
distance-Wagner analysis. addition 
out group method. 
Farris (1972) f = 1.194 (0.384) 
Prager and Wi1son (1976) F a 2.857 (0.919) 
% Standard Deviation (Fitch & Margo1iash. 1967) = 4.217 (1.327) 
Cophenetic Corre1ation = 0.936 (0.983) 
N.dubitans 
N.cambrica 
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Figure 4.5. Genetic relationships 
based on allele frequencies 
distance-Wagner anal¥sis, addition 
at mid-point of longest path. 
Farris (1972) f -0.981 (0.403) 
between 9 Nemourid species 
at 16 loci (Farris, 1972 
criterion 1 and MAC). Rooted 
Prager and Wilson (1976) F - 2.348 (0.964) 
% Standard Deviation (Fitch & Margoliash, 1967) = 3.337 (1.391) 
Cophenetic Correlation =0.957 (0.982) 
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Fi~ure U.6. Genetic relationships 
based on allele frequencies at 
distance-wa~ner analy*is. addition 
mid-point of lon~est path. 
between 9 Nemourid species 
16 loci (Farris ,1972 
criterion 2 and 3). Rooted at 
Farris (1972) f - 1.19U (0.38U) 
pra~e and Wilson (1976)F - 2.857 (0.919) 
" Standard Deviation (Fitch & Mar~oliash, 1967) - 4.217 (0.936) 
Coph~netic Correlation = 0.936 (0.983) 
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Fi~ure 4.7. Observed phosphoglucose isomerase bandin~ patterns. 
Genotypes are as fo~lows: 
a. P. meyeri 90/90 
b. P. praecox 90/90 
c. N. cinerea ~OO/~OO. 60/~00. ~00/~20 
d. N. cambrica ~00/100 
e. Nem. picteti ~OO/~OO. ~20/100 
f. N. avicularis 60/60 
~. N. dubitans 220/220 •. 200/220. 200/200. ~00/220 
h. A. standfussi/sulcicollis 120/120. ~20/~00. ~50/~20 
< 
Figure't.7 
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Figure A.B. Observed aminopeptidase banding patterns. 
Genotypes are as f611ows: 
a.P; meyeri 55/55 
b. P. praecox AS/AS 
c. "N. cinerea 100/100. 90/100. 100/115 
d. N. cambrica 50/50 
e. Nem. picteti 120/120 
f. A. standfussi 35/35 
g. A. sulcicollis 110/110 
"< 
Figure 't.8. 
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Fizure 4.9. Observed esterase bandin~ patt~rns. 
Genotypes are as follows: 
a. P. meyeri ES-l 105/105: ES-2 91/94;92/92. 92/91 
b. P. praecox ES-l 107/107: ES-2 92/92. 90/90. 90/92 
c. N. cinerea ES-l 100/100: ES-2 100/100 
d. Nem. picteti ES-l 85/85: ES-2 106/106 
.< 
Figure 'f.9. 
Fi\l:ure 11.1.0. Observed phospho\l:1.Ucomutase banding: patterns. 
Genoty-pe-s are as fo1.1.ows: 
a. N. cinerea 1.oo/ioO. 1.00/1.1.0. 1.00/90. 1.00/1.20 
b. P. meyerl 1.1.5/1.1.5. 1.1. 5/1.0 5 
c. P. praecox 80/80.80/70 
d. A. standfussi 92/92; 92/97 
e. A. su1.cico1.1.1s 1.20/1.20. 1.20/1.1.5 
-< 
Figure 't.10. 
rHAPTER 5 
INTER-POPULATION GENETIC VARIATION IN NEMOURA CINEREA 
S. 1. Introduction 
The resolution of the debate over the evolutionary 
significance of the variation revealed by molecular genetics 
techniques appears to be almost as far away today as when 
population genetics theory was originally polarized into the 
so cal led 'neutral ist' or 'selectionisc' schools of thought 
almost 20 years ago. Neutral theory (or the neutral mutation -
random drift hypothesis) proposes that the majority of 
molecular variation is caused by random fixation of 
selectively neutral or nearly neutral mutants in a population 
or spec i es, In contrast, selectionist theory regards the 
m~ecular polymorphism as adaptive, and argues that it is 
maintained in the population or species by some form of 
balancing selection (Kimura, 1963), Some erosion away from the 
two opposing standpoints has occurred since the early 1970's, 
accelerated by more recent findings of DNA sequence 
variabi I ity, so that today most population geneticists bel ieve 
that both stochastic (neutral) and selective processes can 
account for the observed molecular variation. The debate has 
shifted from' either or' to 'how much' of each (Nevo et ~, 
1963) . 
Mathematical attempts to answer the question of how 
much of the observed molecular variation can be explained by 
either a neutral ist or a selectionist interpretation have 
foundered on the difficulty of measuring any of the factors 
involved, such as population size, rates of mutation and 
69 
migration, and selection intensity, with sufficient accuracy. 
It has been suggested that a more promising way to answer the 
question Is to Identify correlations between gene frequencies 
and spatial or temporal variations in the environment. This 
would provide strong evidence that selection can Influence 
genetic variation at the molecular level (Clarke, 1975; Nevo 
et ~, 198~). The accumulated evidence from many simi lar 
investigations would give an indication of the relative 
importance of stochastic or selective forces. The results of 
an investigation into the effects of stream water acidity on 
molecular genetic variation in the plecopteran Nemoura cinerea 
are presented in this chapter. 
The acidity of stream water was identified as a 
potential selective factor from the reports of serious 
environmental p~lution caused by 
Central Europe and North America, 
'acid rain' in Scandinavia. 
where the ecology of fresh 
waters has been severely disrupted (Overein et ~, 1980; 
Haines, 1981). The Flecoptera were chosen for study because 
members of this insect order form the main component of the 
benthic macro-invertebrate community in many of the acidified 
upland strams in Britain (Hynes, 1970). 
5.2.Materials and Methods. 
5.2.1.Experimental Organisms. 
This investigation concentrated on inter-population 
comparisons of Nemoura cinerea. The choice of species was made 
primari Iy on the basis of it s reported widespread 
distribution (Brink, 19~9; Hynes, 1977) and high level of 
genetic variation relative to other members of the Nemouridae 
70 
(Chapter 't). 
The 31 sites from which collections of ~. cinerea were 
made are indicated in Table 2.1. (Chapter 2) . The pH and 
conductivity were measured at each site and the altitude. 
latitude and longitude noted. 
The temporal stabi I ity of allele frequecies was 
monitored over two or three years in five populations in the 
Derbyshire Peak District. The five populations were: 
Thomason's Hol low, Top Lady Clough, Lady Clough, Rising.Clough 
and Mi I ler's Dale. 
5.2.2.Electrophoresis. 
Only the four polymorphic loci (AP-1, HDH-1,. PGI and 
PGM, Tab I e 't. 3.) were rout: i ne I y screened in a I I th i('~y-one 
populations. The enzyme stains were as fol lows: 
Aminopeptidase (AP) -
Phenylalanyl-Ieucine 
Peroxidase 
L-amino acid oxidase 
Oianisidine 
Manganese Chloride 
Buffer-Tris-HC1 pH B.O 
(1% Agar Overlay) 
10 mg 
5 mg 
3 mg 
3 mg 
2 mg 
25 ml 
25 ml 
Magnesium Chloride 
Buffer - Tris-HC1 pH B.O 
Phosphoglucose isomerase (PGI) -
Fructose-6-phosphate 
NADP 
MTT 
G6PDH 
PMS 
Magnesium Chloride 
Buffer - Tris-HCl pH B,O 
Phosphoglucomutase (PGM) -
Glucose-1-phosphate 
(cont. 1% Gluc-1.6-diphos) 
20 mg 
30 ml 
10 mg 
3 mg 
7 mg 
10 A 
2 mg 
20 mg 
30 ml 
50 mg 
NADP 3 mg 
MTT 
Magnesium Chloride 
G6PDH 
PMS 
Buffer -Tris-HCl pH B.O 
5 mg 
30 mg 
10 A 
2 mg 
30 ml 
Buffer system 1 was used for AP. PG! and PGM. and 
buffer system 3 for HDH (Chapter 2). 
Th~ allele frequencies were calculated from single 
samples of nymphs from each population. 
( 
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5.c.3.Analysis. 
The MINITAB (Pennsylvania State University) statistics 
program was used to perform regression analyses between the 
five environmental characteristics of the sample sites, and 
between the common allele frequencies at the four polymorphic 
loci and the environmental features. Regression has.been used 
in many simi lar investigations into the effects of 
environment on genetic variation (Nevo et ~, 198c; Karl in et 
~, 198~; and Carvalho and Crisp, 1987) and has been useful in 
identifying possible associations between allele frequency or 
heterozygosity and environmental factors. However, .the results 
should always be interpreted with caution when the variables 
are not normally distributed. Regression is also of value for 
identifying unusual observations which deviate from the 
general pattern (Sokal, 1965). 
AI I other analyses of the al lozyme data were provided 
by the BIOSYSl program of Swofford and Selander (1981). 
5.3.Results. 
5.3. 1.Site Attributes. 
The five physical characteristics recorded for al I the 
sampl ing sites are shown in Table 5.1. and the altitude, pH 
and conductivity are shown in Figures 5.1 - 3. Water chemistry 
shows considerable seasonal variation in some streams (Figure 
3.1. Chapter 3). However, the pH and conductivity shown in 
Table 5.1. are values obtained from single samples to avoid 
any bias that may result from using means from the regularly 
monitored sites In the Peak District. Latitude was recorded as 
minutes north of 51°N, longitude as minutes west of 0°. 
( 
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The correlations between the five physical 
characteristics of the sites are shown in Table S.e. 
Statistically significant associations (P < O.OS) were found 
between the altitude, pH and conductivity. pH and conductivity 
both decreased In the higher altitude streams. Figures S.1-3 
indicate that the sites can be divided into two categories on 
the basis of these three characteristics: 
CATEGORY i.) High altitude (>eSO metres), high 
acidity (pH < 6.0) and low conductivity 
... ( < eSO ~S.cm ). Number = 17 
CATEGORY e.) Low alt itude «eSO metres), low 
acidity (pH> 7.0) and high conductivity 
., ( > eSO ~S.cm ). Number = le 
The only exceptions to this were 6aluain (site 16) 
where there was low conductivity with a high pH, and Wareham e 
which is the only low altitude/Iow pH site. If the data from 
these two sites are omitted from the analysis, the correlations 
between altitude, pH and conductivity are improved (Table 
S. e. ). 
S.3.e.Spatial Allele Frequency Variation. 
The a I I e I e frequenc i es· at the four I DC i are presented 
in Tables 5.3 - 6. together with the results of Hardy-Weinberg 
X' analysis and the frequency of heterozygotes for each 
population. In the X' tests for fit to Hardy-Weinberg 
equi I ibrium, rare allele frequencies were combined to overcome 
the problem caused by expected values of I ess than S. 
Heterozygosity was calculated using Nei's (1976) estimate 
which is unbiased by differences in sample sizes. The mean 
( 
7't 
heteroz~gosities (He) over the four loci are included In Table 
5.3. Figures 5.~ - 7. give an illustration of the variation 
in allele frequencies between the populations. 
Onl~ ~ out of the lc~ comparisons between the observed 
allele frequencies and those expected assuming Hardy-Weinberg 
equi I ibrium showed any significant deviation. The sample from 
Rising Clough (site 30) had a si ight excess ~f 50 al leles at 
the AP locus (Table 5.3.). There was a si ight excess of 60 
al 1~les at the PGI locus at site ~,Dean Clough (Table 5.5.) 
and there was a heteroz~gote deficit at the PGM locus in 
samples from site 15, Thomason's Hol low and site 16, Top Lady 
Clough (Table 5.6.) 
Contingenc~ X' anal~sis showed that there was 
significant heterogeneity in allele frequency at al I four loci 
between the populations (Table 5.5.). However, the expected 
frequency for several classes was 
onl~ be interpreted with caution. 
5.3.c.1.Aminopeptidase 
low so that the results can 
Three al !eles were found for this locus though onl~ 
two (50 and 100) were present in most populations. The rare 
115 allele was found, in low frequenc~, in just three 
populations from the southern Pennines: Cabin Clough (site 3), 
Holden Clough (site 5) and Shiny Brook (site 1~). Only one 
population, site 13, Port Erin on the Isle of Man, had no 
variation. being fixed for the 100 allele. The frequency of 
heterozygotes ranged from 0.00 to 0.~31 with a mean of 0.lB3. 
The distribution of allele frequencies shown in Figure 
5.~. does not appear to fol low an obvious pattern and 
regression anal~sis did not reveal significant 
relationships between the allele frequencies at this locus and 
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an~ of the environmental factors recorded for each site (Table 
5. 7. )"_.~ _____ " 
5.3.e.e.Phosphoglucose Isomerase. 
A total of four al leles was found at this locus. Onl~ 
two alleles (60 and 100) were present in fifteen of the 
populations. Four populations: Moorhouse Mine (site B), 
Nant-y-trawsnant (site 10), Nai Istone (site e5) and Wymondham 
(site e9) were fixed for the 100 allele. The 1~0 allele was 
found in just four scattered populations: North Wales ~ (site 
11), Ogden (site le), Shin~ Brook (site 1~) and Wareham 1 
(site eB). The frequency of heterozygotes ranged from 0.00 to 
0.3~~ with a mean of 0.109. 
The most noteable feature of the allele frequency 
distribution, shown on Figure 5.5., is"the high frequency of 
the 60 allele in the Baluain population (site 1B) where, in 
contrast to the other populations, this was the most common 
allele. Regression of the frequencies of the 60 and 100 
alleles against the five environmental variables indicated 
that there was a significant relationship becween latitude and 
longitude and the frequency of both al leles(Table 5.7.) The 
frequency of the 60 allele appears to increase to the north (r 
= 0.667, p<O.OOl) and west (r = O.~OO, p<0.05) whilst the 
frequency of the 100 allele decreases (r = -0.66, p<O.OOl; r = 
-0;~05, p<0.05, respectively). However, closer analysis of the 
results showed that the apparent relationship was caused by 
the inclusion of data from Baluain, Scotland, with its high 
latitude, westerly position and unusual allele frequencies 
(Figure 5.5.). When the Baluain data were excluded from the 
analysis, there was no significant relationship between 
allele frequency and any of the environmental parameters 
(Table 5.7.). 
( 
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5.3. 2. 3. Phosphoglucomutase 
Five alleles were present at this locus. One 
population. site B. Moorhouse Mine. was fixed for the 100 
allele. The most common a I I e I es were 100 and 110 in a I I 
popu I at ions. The BO allele was found In only one population. 
site 27. Thrussington. Although the 90 allele was present in 
fourteen populations It was only found at a - relatively high 
frequency in the Derbyshire Peak District. especially in 
Rising Clough (site 30) and Burbage Brook (site 2) (Figure 
5.6. ). The heterozygote frequency ranged from 0.00 to 0.529 
with a mean of 0.~~3. 
Regression analysis showed a significant association 
between the frequency of the 100 and 110 al leles and latitude. 
longitude. altitude and conductivity (Table 5.7.). _ The 100 
allele appears to increase -in frequency. and the 110 allele to 
decrease in frequency. to the north. the west. at high 
altitude. and in streams with a low conductivity. There was no 
significant association between allele frequency and pH. 
However. MINITAB indicated that several populations had an 
unusually large influence on the analysis. These- were: 
Baluain (Site lB) and Ware ham 2 (Site 17). the two sites with 
unusual physical characteristics (section 5.3.1.), Nai Istone 
(Site 25) and Nant-y-Trawsnant (Site 10). which had very smal I 
sample sizes, and Moor house Mine (Site B). which was fixed for 
the 100 alleie. When these populations were excluded from the 
regression. the only significant relationship was between 
conductivity and the frequency of the 110 allele (r = 0.~39. 
p<0.05). 
( 
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s.3.2.~.Hexanol dehydrogenase. 
There were three alleles present at this locus. 
Eighteen populatlons had only two alleles (100 and 110). 
Thirteen had all three. No population was fixed for one 
allele and the frequency of heterozygotes ranged from 0.125 to 
0.610 with a mean of 0.396. 
Figure 5.7. clearly illustrates the division of the 
populations into two groups on the basis of the presence or 
absence of the 90 allele. After consulting Table 5.1. and 
Figures 5.1 - 3. it becomes apparent that al I the populations 
where the 90 allele was present were from category 2 streams 
i.e. they are al I streams from lower altitude with high pH and 
high conductivity. 
An indication of the relationship between the allele 
frequencies at this locus and the physical attributes was 
given by regression analysis (Table 5.7.). The 90 allele was 
missing from over half of the populatlons and could not, 
therefore, be included in the analysis shown in Table 5.7. 
HOloJever, it could be included in the regression of the allele 
frequencies 
environmental 
in the category streams against the 
characteristics (Table 5.8.). There appeared to 
be a significant correlation between heterozygosity and 
conductivity in these streams, however, as in the other cases, 
MINITAB Indicated that the Baluain data was exceptional. When 
this was excluded, the relationship was not significant. 
There were no significant relationships between the 
frequency of the 110 allele and any of the environmental 
factors, suggesting that the variation in frequency of this 
allele is unaffected by either the environment or the presence 
of the 90 allele. Statistically significant proportions of 
( 
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the inter - population variation of the 100 allele were 
explained by.regression with pH and conductivity (p < 0.001), 
and, to a lesser extent, by longitude (p<O.OS). The frequency 
of the 100 allele increased with 
and from east to west. The single 
lower pH and conductivity, 
locus heterozygosity was 
also significantly correlated with environmental features: 
heterozygosity tended to increase with increasing pH and 
conductivity (p <0.001), and decreased at high latitude (p 
<0:01) and from east to west (p <0. OS). When the two unusual 
sites (Baluain and Wareham 2) were excluded from the analysis, 
the correlations were improved and signifi~ant associations 
between the frequency of the 100 allele and altitude (r = 
0.39S, p<O.OS) and between heterozygosity and latitude (r = 
0.39B, p<O.OS) were revealed. The main cause of the 
differences in 100al lele frequency and heterozygosity between 
the two stream categories was the presence or absence of the 
90 allele. The 100 allele was more common and the 
heterozygosity lower when the 90 allele was missing. 
Following the observations from the HDH-1 locus, the 
populatlons were divided into the two environmental categories 
( 
to further analyse ~he al lel.e frequency data. Wright's (197B) 
hierarchical f-statistics (Table S.10.) are a measure of the 
variance within and between the two categories for each 
locus. TheF-value or 'Inbreeding coefficient' is the ratio of 
the observed variance in al lel.e frequency between populations 
to the variance that would be observed between isolated 
populations fixed for alternate alleles. More than fifty 
percent of the total variance at the HDH-1 locus was accounted 
for by a difference between the two categories. Between 
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category variance was relatively unimportant at the other 
three loci. The. value for within category variation at the PG! 
locus was Inflated due to the Balualn population. When this 
was excluded from the analysis the variance was greatly 
reduced (Table 5.10.). 
Nei 's (1978) unbiased gene~ic distances over the four 
I cc i , averaged for the two population cal:.egories, are 
presented in Table 5.11. The values given were calculated with 
Baluain excluded since this population distorted the overal I 
figures. The mean genetic distance between the Baluain 
population and the other populations was 0.229 with a range of 
0.161 to 0.301. The mean genetic distances presented in Table 
5.11. show that there is a statistically significant 
difference between the category 1 and category 2 populations 
when they are grouped in this way. The f-statistics show that 
this is mainly due to the between group difference at the 
HDH-l locus; 
5.3.3·. Tempora I A I I e I e Frequency Var i at ion. 
Comparisons of the allele frequencies at the five sites 
sampled in different years are presented in Tables 5.12 - 15. 
The X' values shown are for contingency tables including 
comparisons between al I the samples taken at each site. The 
actual date of sampl ing varied between sites and between 
years. Co I I ect ions were made from each stream in 
November/December and June/July to examine allele frequency 
changes within single generations. The November/December 
samples and June/July samples are I abe I led 'Winter' and 
·Summer' in Table 5.12. Unfortunately, insufficient adult 
fl ies were collected from each site to faci I itate a meaningful 
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adulc v. n~mph comparison. 
Scaciscical I~ significant changes in al IBle frequenc~ 
were found in ~ out of the 17 tests. At the AP locus, che onl~ 
variat'ion was an increase in che frequenc~ of the 90 allele 
from 1981 to 1983 over 3 generacions in che Thomason's Hol low 
populacion. The mosc significant change occurred between 
'summer' 198e and 'winter' 198e, two different generations 
(Table S.le.). 
There was variation ac che PGI locus in boch che 
Mi I ler's Dale and Lady Clough populacions (Table 5.13), In 
MI I I er's oa le, there was a significanc decrease in the 
frequency of che 60 allele becween the 'winter' and '~summer' 
samples (the same generac i on) , In Lad~ Clough, the 
heterogeneit~ was caused by che 'winter' 198e sample where 
there was a higher frequenc~ of che 60 allele chan in che 
ocher samples, The a I I e I e frequenc i es were i denc i ca I in che 
Wincer 1981 and Summer 1983 samples, 
For HDH chere was an increase in boch che 90 and 110 
alleles in che generacion from 'wincer' 198e CD 'summer' 1983 
in Mi I ler's Dale (Table 5,15.). There were no signiffcanc 
temporal variations ac the PGM locus in an~ of the populations 
(Table S.l't.). 
5.'t.oiscussion 
S.'t.l.Temporal Allele Frequency Variation. 
The investigation inco cemporal al lele fre9uenc~ 
stabi I it~ did not provide any clear evidence that nacural 
selection was influencing genecic variation ac these four 
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pol~morphlc loci. Lewontln (197~) pointed out that temporal 
changes must be wel I correlated with some environmental 
variable to provide good evidence for selection. Onl~ one of 
the four significant temporal changes in allele frequency 
showed a sustained pattern. That was at the AP locus in the 
Thomason's Hol low population. However. no obvious 
gene/environment interaction was revealed from the spatial 
variation between populations, (Section S.3.3.E.) and no 
para I I e I change in the environment was recorded during this 
period which could account for the variation 
Figures 3.1-3). 
(Chapter 3. 
For the other three cases of temporal variation there 
was either no obvious pattern (PGI at Lady Clough), or the 
data was too I imited to draw any firm conclusions (PGI and 
HoH-l at Mi I ler's Dale). The allele frequenciss at the HoH-l 
locus were shown to be highl~ correlated with differences in 
st~eam t~pe (Section S.3.3.~.), but there was no marked 
seasonal change in stream water chem i str~ at M i I er's oa I e 
which is a wel I buffered neutral/alkal ine stream. Also, both 
the 90 and 110 alleles increased in frequency and only the 90 
allele appears to be selected against in acid streams. 
The simplest explanation for the observations of 
temporal frequency variation is that the~ have resulted from 
sampl ing errors. This seems quite probable in view of the 
smal I samples taken on some occasions (Tables S.lE-1S.). 
However, the number of significant changes is greater than 
expected due to chance factors. 
A selectionist explanation for the observations could 
be that an unmeasured environmental factor changed the allele 
frequencies through natural selection. However. if the 
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temporal variation has been caused by environmental selection, 
5 i m i I ar changes in allele frequency might be expected in 
adjacent populations (Thomason's Hol low, Top Lady Clough and 
Lady Cl ough) , as they are I ikely to experience simi lar 
environmental conditions. 
A neutra list interpretation could be that the 
fluctuations in allele frequency have been caused by changes 
in population size at Thomason's Hol low, Lady CLough and 
Mi I ler's Dale, This would be in line with the explanation 
proposed to account for the low levels of genetic variation in 
the Nemouridae (Section ~,~,). The increase in frequency of 
the AP ~O-al lele in the Thomason's Hol low population could be 
due to migration into the sampl ing area, either from higher-up 
or lower down the stream, following a population crash which 
RI iminated this allele before 'Winter' 1~B1. 
It can be seen that these data on temporal al I ele 
fr~quency .variation provide no clear evidence for either a 
selectionist or neutra list interpretation. lu i thout such 
evidence, speculative, post-hoc hypotheses can not answer the 
qu~stion of how much molecular genetic variation 1s influenced 
by natural selection (Lewontin, 1~7~). 
5.~.c.Spatial Allele Frequency Variation. 
For three of the four enzyme loci (AP. PGI and PGM), 
the results of the investigation into spatial variation of 
allele frequencies In 31 population fai led to. provide 
unequivocable support for either the neutra list or 
selectionist schools of thought, There were no significant 
correlations between the environmental variables and allele 
frequencies at these loci with the exception of those 
. ~ r~5'ul-t~~~~_-:ri:CJ~:~.lstortio-nS-"of-the an':,1 ysi scauseCi=:§Y==~~~~,~C::a.-' B3 
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; i nterpret~d 
are used for regression. However, it does show that regression 
analysis can be useful for identifying data that is out of the 
ordinary (eg. Baluain). Data from several populations appeared 
to upset the regression of allele frequencies at the PGM locus 
(section 5.3.2.3.). AI I these had smal I sample sizes, so it is 
not surpr i s, i ng that they had unusua I a I I e I e frequenc i es at 
this locus where 5 different al leles were recorded. Whi 1st the 
lack of any correlation between allele frequency and the 
environmental factors examined favours a neutra list 
explanation for the variation at these loci (the spatial 
heterogeneity between populations arising from random 
fluctuations in the frequencies of selectively neutral or 
nearly neutral alleles) , the possibil ity that natural 
selection could have caused the inter population variation in 
allele frequency. due to unique environmental conditions at 
each site. can not be excluded. 
,Both selectionist or neutral ist interpretations could 
account for the relatively high frequency of the PGM 90 
allele In populatibns from the Derbyshire Peak District.A 
selectionist explanation could be that these populations 
experience similar environmental conditions and. therefore. 
slmi lar selection pressures. High levels of airbo .rne 
pollutants from the industrial centres of Manchester and 
Sheffield could be a possible selecting factor. However. a 
neutral ist explanation would be that either the populations 
were establ ished from a common founder population in the 
post-glacial period or that gene-flow has occurred between 
them. The distance between the sites (Figure 5.B.). coupled 
with the poor flying abi I ity of adult stonefl ies (Hynes. 
1977) • excludes the posslbi I ity of direct migration between 
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the streams which have the highest frequency of the PGM 90 
allele (site 3D, Rising Clough, and site 2, Burbage Brook). 
However. gene-flow could have occurred through populations in 
Intervening water courses. An indication that gene-flow could 
occur by adult migration between adjacent streams is given by 
the presence of the rare PGM 120 allele in populations 5, 
Holden Cl ough , and 16, Top Lady Clough, two streams draining 
either side of the Snake Pass watershed (Figure 5.B.). 
Simi larly, both neutral ist or selectionist hypotheses 
can be devised to account for the anomalous allele frequencies 
at the PG! locus in the Baluain population (site 1B). However, 
without any firm evidence, they can only be speculative. None 
the less, this observation indicates that more sites should be 
sampled in Scotland, to establ ish whether the 60 allele shows 
a general increase in frequency at higher latitudes, or 
whether the Baluain observation is unique or caused by 
sampl ing error (the sample size was only 12). 
The non-random distribution pattern of the HOH-1 90 
allele provides far clearer evidence that selection has 
influenced the allele frequencies at this locus. either 
directly or Indirectly. The problem that arises from this 
discovery is to determine which factor, or factors, might be 
responsible for el iminating the 90 allele from one stream 
category whilst maintaining it in the other. Only direct 
experimental evidence can positively identify the factors 
involved. However, the results from the field survey point to 
several possibi I ities. The regression analyses show that water 
chemistry (pH and conductivity) could be Important though 
other environmental variables associated with stream 
catchment, or geographic location, may be involved (Table 
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5.3. ). 
The altitude, pH and conductivity at each site were 
closely correlated with each other (Table s.c.), al I three 
.showing sharp differences between the sites where the 90 
allele was present and the sites where it was not found 
(Figures 5.1 - 3). The relationship between altitude, pH and 
conductivity confirms that geology is the main factor 
determining which areas are susceptible to acidification. 
The upland areas sampled were underlain by weathering 
resistant rocks covered with base poor soi Is, causing run-off 
with low ionic concentration (conductivity) and poor buffering 
capacity. However, it is unclear whether these streams have 
been affected by acid deposition since they must have been 
acidic before the pollution problem, due to natural acid 
production in the organic soi Is of these areas. 
The 90 allele was only found in Category c (Iow 
altitude, high pH and high conductivity) streams. Most of 
these streams were located to the south-east of the Category 1 
streams In this survey (section 5.3.1.) which gives an 
impression that allele frequency might be influenced by 
factors related ·to geographic position ego temperature or 
annual rainfal I. A direct causal relationship seems unl ikely, 
however, since al I the sites do not fol low this pattern, and 
two steams (site 17, Wareham c (Category 1), and site lB, 
Baluain (Category c)) are totally opposite to the general 
trend. simi larly, a direct relationship between altitude and 
allele frequency seems unlikely. Altitude is known to have a 
marked influence on the mean air temperature at any location, 
and temperature has been shown to affect the I ife-histories of 
Plecoptera, cooler temperatures delaying the onset of adult 
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emergence (Elliot. 1967; Nebeker. 1971). However. the 90 
allele was found in the Baluain population which probably has 
the lowest mean annual temperature of al I the sites.and the 90 
allele was also present at Wareham 1 (site cB) but absent from 
Wareham c (site 17). two low altitude sites separated by less 
than three mi les. 
Water chemistry. particularly acidity. has been shown 
to have a marked influence on the ecology of fresh waters. The 
acidification of streams and lakes by acid deposition has 
caused fish losses and an impoverished algal and invertebrate 
community in many area~ of Europe and North America (Overein 
et ~. 19BO; Haines. 19B1). Stream acidity could influence the 
allele frequencies at the HOH-1 
indirectly. 
locus either directly or 
Hexanol dehydrogenase may have a simi lar role in 
Plecoptera to that of alcohol dehydrogenase in Drosophi la. 
Clarke (1975) demonstrated that alcohol dehydrogenase was 
important in detoxifying the alcohols ingested by Drosophi la 
melanogaster in their diet of rotting fruit. The products of 
alternate al leles had different activities and appeared to be 
maintained in the population by their different selective 
advantages in different environments. 
mainly on coarse organic material 
Nemoura cinerea feeds 
which collects under 
boulders in streams (Hynes. 19~1). Hexanol dehydrogenase may 
detoxify harmful chemicals produced as this material 
decomposes allowing it to be safely eaten. Stream acidity 
could directly select against the 90 al lelB if intracellular 
pH is affected by external pH and the product of this allele 
has a higher pH optimum than the other al lozymes. Biochemical 
studies of in vitro enzyme activit~ would be needed to 
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determine whether different HDH-1 al lozymes have different pH 
opt I ma. 
An alternative hypothesis could be that selection is 
not acting directly on the HDH-1 locus. HDH-1 may simply be 
closely I Inked to another unidentified locus (or loci) that 
affects tolerance to low pH conditions. Linkage dise~ui I ibria 
between isozyme loci have been reported several times, 
particularly in Drosophi la (Lewontin, 197~). However, it seems 
that these are almost always associated with chromosome 
inversions (Kimura, 1983) . It has been possible to identify 
inversions in Drosophi la because of the occurence of giant 
chromosomes in the sal ivary glands. No such chromosomes could 
be found in the Nemouridae so it would be very difficult to 
recognise inversions in these species. 
Another possible way that stream acidity could 
indirectly affect the HDH-1 locus is through the influence of 
pH on the breakdown of organic matter. It has been shown that 
allochthonous material decomposes less ~uickly in acid waters 
(Hendrey et ~, 1976; Dtto and Svenson, 1983). The slow rate 
of decomposition is caused by a reduction in the numbers and 
diversity of micro-organisms in acid conditions, and fungi 
replace bacteria as the main decomposers (8ick & Drews, 1973). 
The micro-organisms are thought to play an important role in 
"conditioning" the organic matter before it is eaten by the 
macro-invertebrates (Cummins & Klug, 1979) . The slow 
decomposition or changed microbial content may· cause an 
increase in toxic organic compounds. If the 90 allele has 
lower activity than the other al I ozymes , individuals with this 
allele would be selected against in acid streams. However, the 
~ual ity of the diet may be independent of acidity, the nature 
( 
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of the catchment vegetation being more important. None of the 
catchments of the Category 1 streams (90 allele absent) 
contained deciduous woodland upstream from the sample sites. 
Therefore, the main input of allochthonous material would be 
from grasses or moss. AI I the category e stream catchments did 
have deciduous woods which would provide the major annual 
supply of organic material. AI lochthonous food supply has been 
shown to influence genetic variation in the water hoglouse, 
Asel Ius aquaticus in Denmark (Christensen, 1977). Habitat 
selection appeared to be occuring between different amylase 
genotypes with one type favouring areas with beech leaves and 
the other selecting areas where wi I low was predominant. A 
difference in abi I ity to metabol.ise different fungi colonising 
the leaf-I itter was proposed as a possible explanation. 
However, the inheritance of amylase genotypes has been found 
to be more compl icated than it originally appeared so a 
complete explanation for the variation has yet to be made 
(Oxford, 1986). 
An indication that catchment vegetation could be more 
Important than microbial conditioning in determining food 
qual ity, and hence allele frequencies at the HDH-1 locus, 
comes from the 8eacon population (site 19 sampled in 1983). 
The 90 allele was present in thi~ woodland stream even though 
it was found to have a low pH during the winter and an 
impoverished invertebrate community typical of acid streams 
(Greenwood et ~, 1986). However, this observation does not 
provide conclusive evidence that leaf I itter was the essential 
factor determining the presence of the 90 allele. N. cinerea 
was not found at this site in 1980 or 1981, but did occur 
further downstream where the pH and invertebrate community was 
( 
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rad Ica I Iy 
Therefore, 
altered after passing through a golf course. 
it appears that the 90 a I I e I e was- present at the 
Beacon site in 19B3 due to upstream migration from the 
neutral "refuge" further down the catchment. 
The discussion so far has concentrated only on the 
nymphal I I fe-stage. Other possible explanations could be 
devised to account for the non-random distribution of the 90 
allele involving other stages in the life-history. These might 
include drought resistance or factors affecting hatching in 
the eggs, or adult food requirements. The problem of 
identifying a selective factor has arisen because there are 
several environmental differences between streams where the 90 
allele is present and those where it is absent. However, 
although no direct proof of natural selection was possible, 
the observation that the distribution of HDH-1 alleles is non 
-random with respect to stream type is incompatible with 
neutral theory, and can only be explained by the action of 
selective forces. 
( 
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TABLE 5.1. The physical characteristics recorded for the 31 
streams sampled. LAT. = latitude as minutes north of 51 0 N. 
LONG. = longitude as minutes west of 0 0 ALT. = altitude in 
metres above sea level. COND. = conductivity in ~S-'.cm 
SITE 
1. Blackstone Edge 
2. Burbage Brook 
3. Cabin Clough 
'"I. Dean Clough 
5. Holden Clough 
6. Lady Clough 
7. March Hi I I 
8. Moorhouse Mine 
9. Moorhouse 2 
10. Nant-y-Trawsnant 
11. North Wales '"I 
12. Ogden 
13. Fort Erin 
1'"1. Shiny 8rook 
15. Thomason's 
16. Top Lady Clough 
17. Wareham 2 
18. Baluain 
19. Charnwood Beacon 
20. Cressbrook Dale 
21. Glebe Farm 
22. Lutterworth 1 
23. Lutterworth 2 
2'"1. Mi I ler's Dale 
25. Nai Istone 
26. Dwston 
27. Thrussington 
28. Wareham 1 
29. Wymondham 
30. Rising Clough 
31. South Beacon 
n.r. = not recorded 
LAT. 
219 
200 
206 
213 
205 
205 
217 
281 
281 
127 
167 
216 
2'"1'"1 
213 
205 
206 
'"12 
'"106 
163 
195 
157 
1'"18 
1'"18 
195 
159 
158 
16't 
'"10 
167 
203 
163 
LONG. 
121 
96 
11'"1 
112 
113 
110 
119 
1'"16 
1'"15 
225 
216 
122 
286 
115 
111 
111 
126' 
23'"1 
7'"1 
105 
5'"1 
67 
7'"1 
107 
82 
50 
63 
127 
5'"1 
101 
75 
ALT. 
366 
305 
381 
'"1'"12 
'"188 
321 
'"130 
686 
590 
320 
'"182 
380 
106 
'"172 
'"157 
'"172 
15 
160 
1'"10 
190 
198 
130 
120 
200 
1'"10 
167 
65 
15 
110 
275 
210 
pH 
'"1.35 
3.90 
'"1.10 
'"1.35 
'"1.20 
5.90 
'"1.90 
'"1.00 
'"1.20 
5.20 
5.20 
'"1.05 
n.r. 
3.80 
'"1.50 
'"1.50 
't.25 
7.20 
5.90 
7.'"15 
8.00 
7.90 
8.00 
8.05 
7.75 
7.30 
7.80 
7.00 
7.50 
6.00 
7.20 
CONO. 
200 
90 
1'"17 
75 
89 
120 
156 
'"18 
38 
'"16 
'"11 
78 
n. r. 
215 
83 
120 
122 
9'"1 
250 
523 
550 
7'"10 
780 
'"17'"1 
3650 
5'"10 
810 
n.r. 
725 
110 
365 
Table 5.1. 
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TABLE 5.2. The correlation coefficients between the 5 
environmental variables measured for 31 streams. The degrees 
of freedom are shown in parentheses. 
Latitude Long itude Altitude pH 
Long i tude a) +0.379'(29) "'.,," 
b) +0;251 (27) 
Altitude a) +0.'tB9 2 (29) +0.197 (29) 
"''''''' b) +0.69B8(27) +0.300 (27) 
pH a) -0.221 (2B) -0.387'(28) -0.7"12 8 (28) 
"''''''' b) -0.6068 (26) -0.5"13 2 (26) -0.8"16"(26) 
Conductiv. a) -0.361 (26) -0.663'(26) -0.685'(26) +0.833 8 (26) 
b) -0. 571' ( 2"1 ) -0.691" (2"1) -0. 82"1' (2"1) +0. 8BO' (E't) 
a) Correlations including al I sites. 
b) Correlations excluding the Baluain and Wareham 2 sites. 
, = p < 0.05, 2 = P < 0.01, 8 = P < 0.001 
Table 5.2. 
TABLE 5.3. The allele frequencies and 
(Hu) ae ehe Amlnopepeldase locus in 
cinerea eogeeher wleh ehe resules of 
Hardy-Weinberg Equl I ibrlum and ehe 
over ehe four polymorphic loci (He). 
in all eeses. 
single locus heeerozygosiey 
31 populaeions of Nemoura 
ehe X' eeses of fie co 
mean expeceed heeerozygosiey 
The degrees of freedom = 1 
Siee Allele Frequency X' .E 
1. 
e. 
3. 
'to 
5. 
6. 
7. 
B. 
9. 
10. 
11. 
le. 
13. 
1't. 
15. 
16. 
17. 
lB. 
19. 
20. 
21. 
22. 
23. 
2't. 
25. 
26. 
27. 
2B. 
29. 
30. 
31. 
Blackseone 
Burbage Brook 
Cabin Clough 
Dean Clough 
Holden Clough 
Lady Clough 
March Hill 
Moorhouse Mn. 
Moorhouse e 
Nane. Trawsn. 
Neh. Wales 't 
Dgden 
Pore Erln 
Shiny Brook 
Thomason·s 
Top Lady Cl. 
Wareham 2 
Baluain 
Charnwood 
Cress brook 
Glebe Fm. 
Lueeerworeh 1 
Lueeerworeh 2 
M I I I er . s Da I e 
Na i Iseone 
Owseon 
Thrussingeon 
Wareham 1 
Wymondham 
Rising Clough 
Soueh Beacon 
7e 
52 
127 
15e 
1't3 
50 
79 
2't 
10't 
10 
2't 
219 
'tB 
326 
69 
59 
126 
12 
120 
B7 
73 
177 
79 
19't 
11 
B6 
30 
1't6 
32 
BD 
2B 
.:;l.Q. 100 115 
.11B 
.15't 
.059 
.066 
.101 
.070 
.03B 
.063 
.03't 
· cOO 
· e71 
.021 
.05't 
.OBO 
.0't2 
.060 
.0't2 
.150 
.155 
.130 
.093 
.120 
.0:39 
.227 
.157 
.100 
.01 't 
.156 
.150 
· :30't 
· BB2 
· B't6 
· 9:3:3 
.93't 
· B7't 
.9:30 
.962 
.9:3B 
.966 
· BOO 
.729 
.979 
1. 00 
· 9't:3 
.920 
.95B 
.9't0 
.95B 
· B50 
· B't5 
· B70 
.907 
· BBO 
.961 
· 77:3 
· B't3 
.900 
.9B6 
· B't't 
· B50 
.696 
.OOB 
.02't 
.003 
.003 
.B21 
.613 
.253 
· B62 
· 2't1 
.102 
.070 
.10B 
.'t50 
.127 
.OB5 
1. 15 
.'t67 
.0!'l2 
.'t69 
.021 
.969 
· 6't't 
.7't5 
.1!'l9 
.009 
.292 
.B!'lO 
.752 
.30't 
.021 
.156 
't.0't 
.1Bl 
· !'l55 
.365 
.'t3't 
.615 
.353 
.62't 
· 7't!'l 
.792 
.7't3 
.502 
.722 
.770 
.2B't 
.'t9't 
.762 
.'t93 
· BBO 
.325 
.'t22 
.3BB 
.656 
· !'l23 
.5B9 
.3't6 
.3B6 
.5Bl 
· BB5 
.693 
· O't't'" 
· 670 
.210 
.263 
.126 
.123 
.226 
.13e 
.07't 
.120 
.065 
.337 
.'t03 
.0't0 
0.00 
• lOB 
.1'tB 
.OB2 
.112 
.OB3 
.256 
.26't 
.22B 
.170 
.213 
.075 
.36B 
.266 
.lB3 
.027 
.26B 
.257 
. 't31 
.2BO 
.29't 
.237 
.253 
.255 
.251 
.2't6 
.1't7 
.3't2 
.26B 
.290 
.220 
.166 
.267 
.26't 
.lB9 
.2't6 
.292 
.320 
.396 
.319 
.302 
. 33!'l 
.320 
.337 
.3't7 
.330 
.253 
.325 
.310 
.377 
'" denoees a seaelselcal Iy slgnlficane (p < 0.05) deviaeion. 
Table 5.3. 
TABLE 5.~. The allele frequencies and single locus 
hecerozygoslcy (Hu) ac che Hexanol Dehydrogenase locus in 31 
populaclons of Nemoura cinerea cogecher wlch che resulcs of che 
X' cescs of fie co Hardy-Weinberg Equl I Ibrium. The degrees of 
freedom = 1 In al I cescs. 
1. 
c. 
3. 
~. 
5. 
6. 
7. 
B. 
9. 
10. 
11. 
lc. 
13. 
1~. 
15. 
16. 
17. 
lB. 
19. 
cO. 
cl. 
cc. 
c3. 
c~. 
cS. 
c6. 
c7. 
cB. 
c9. 
30. 
31. 
Slces 
Blackscone 
Burbage Brook 
Cabin Clough 
Dean Clough 
Holden Clough 
Lady Clough 
March Hili 
Moorhouse Mn. 
Moorhouse c 
Nanc. Traws. 
Nch. Wales ~ 
Ogden 
Pore Erln 
Shiny Brook 
Thomason·s 
Top Lady Cl. 
Wareham c 
Baluain 
Charnwood 
Cressbrook 
Glebe Farm 
Luccerworch 1 
Luccerworch c 
M! I I ers Da I e 
Na! I scone 
Owston 
Thrusslngton 
Wareham 1 
Wymondham 
Rising Clough 
South Beacon 
N 
~3 
50 
99 
10c 
139 
51 
78 
c~ 
91 
9 
cc 
cOO 
8 
cB6 
77 
59 
1~0 
9 
lcl 
B5 
59 
165 
79 
135 
11 
B6 
30 
~3 
31 
~8 
c8 
A I I e I e Frequency 
90 100 110 
· ccc 
.13c 
.065 
.cBO 
.173 
.253 
.119 
.136 
· cc7 
· c83 
.070 
.177 
· 21~ 
.88~ 
.8cO 
.8c8 
.7B9 
.860 
.735 
.795 
.6~6 
.632 
.611 
· 86~ 
.877 
.938 
.808 
.799 
.907 
· 8~3 
.7cc 
.698 
.565 
.60c 
.6B8 
.589 
.696 
· 5~5 
· 6~5 
.567 
· 7~~ 
· 6~5 
.756 
.625 
.116 
.180 
.17c 
· cl1 
.1~0 
.265 
· cOS 
.35~ 
.368 
.389 
.136 
.12c 
.063 
.19c 
· cOl 
.093 
.157 
.056 
.169 
.371 
.119 
.139 
.158 
.185 
.318 
.lc8 
.150 
.186 
.177 
.2~~ 
.161 
· 5c~ 
.195 
· 36~ 
c.33 
.053 
.1~~ 
.313 
.009 
.009 
1. 17 
.~~8 
.39~ 
0.00 
.328 
· ~71 
.715 
c.81 
1. 31 
.002 
.000 
c.c5 
.000 
1. 6~ 
· ~55 
1. 9~ 
c.~c 
.1'+3 
3.39 
3.03 
1. 99 
.02c 
.~69 
.659 
.5~6 
.lc7 
.818 
· 70~ 
.576 
.92~ 
.923 
· c79 
.503 
.530 
1. 00 
.567 
.~93 
.398 
· 09~ 
.c~9 
.967 
· 99~ 
.133 
.990 
.cOl 
.500 
.16~ 
.120 
.705 
.065 
.082 
.157 
.883 
.c08 
· c98 
.286 
· 33~ 
· 2~c 
.393 
.32B 
.'+67 
.'+68 
.503 
· 2~1 
· c16 
.lc5 
.. 311 
· 32~ 
.171 
.266 
.~51 
.'+68 
.5~3 
.550 
.'+79 
.568 
· ~69 
.610 
.519 
.5B6 
.~11 
.5c9 
.373 
· 5~7 
.Table 5.~. 
TABLE 5.5. The allele frequencies and single locus 
heterozygosity (Hu) at the Phosphoglucose isomerase locus in 31 
populatlons of Nemoura cinerea together with the results of the 
X· tests of fit to Hardy Welnberg Equl I ibrlum. The degrees of 
freedom = 1 In al I tests. 
1. 
2. 
3. 
'to 
S. 
6. 
7. 
B. 
9. 
10. 
11. 
12. 
13. 
1't. 
15. 
16. 
17. 
lB. 
19. 
20. 
21. 
22. 
23. 
2't. 
25. 
26. 
27. 
2B. 
29. 
30. 
31. 
Sites 
Blackstone 
Burbage Brook 
Cabin Clough 
Dean Clough 
Ho I den Clough 
Lady Clough 
March Hili 
Moorhouse Mn. 
Moorhouse 2 
Nant. Traws. 
Nth. Wales 't 
Dgden 
Port Erln 
Shiny Brook 
Thomason's 
Top Lady Cl. 
Wareham 2 
Balualn 
Charnwood 
Cressbrook 
Glebe Farm 
Lutterworth 1 
Lutterworth 2 
M I I I ers Da I e 
Na I I stone 
Dwston 
Thrusslngton 
Wareham 1 
Wymondham 
Rising Clough 
South Beacon 
N 
76 
76 
159 
151 
1't3 
55 
79 
2't 
100 
10 
29 
2B6 
60 
3B6 
69 
59 
1't3 
12 
17B 
65 
76 
177 
79 
310 
10 
B6 
30 
236 
31 
105 
2B 
A I I e I e Frequency 
60 100 120 1't0 
.132 
.0't5 
. O't't 
.OB6 
.035 
.009 
. o't't 
.160 
.052 
.05't 
.05B 
.07B 
.051 
.017 
.0't2 
.792 
.037 
.176 
.033 
.02B 
.03B 
.166 
.0't7 
.017 
.023 
.0't3 
.01B 
.66B 
.955 
.956 
.91't 
.956 
.991 
.9'19 
1. 00 
.BOO 
1. 00 
.931 
.937 
.9'12 
.90't 
.9'16 
.9B3 
.9't't 
.206 
.961 
.62't 
.967 
.966 
.962 
.B3't 
1.00 
.9't2 
.983 
.962 
1. 00 
.933 
.982 
.007 
.006 
.029 
.005 
.01't 
.01 't 
.003 
.006 
.013 
.02't 
.069 
. 1 't7 
.613 
't.06 
.251 
0.00 
.170 
.003 
.017 " .117 
.003 .011 
.196 
.00't .767 
.168 
.009 
.687 
.631 
.276 
.103 
.070 
.159 
.102 
.387 
.293 
0.00 
.002 .350 
.'t95 
0.00 
P 
.752 
.702 
. 't3't 
.O't't* 
.617 
1. 00 
• E.eO ' 
.960 
.732 
.917 
.65B 
.375 
.662 
.526 
.3't6 
.362 
.599 
.7't6 
.791 
.655 
.7't9 
.53't 
.566 
1. 00 
.55't 
.'t62 
1. 00 
Hu 
.230 
.066 
.06't 
.158 
.081 
.018 
.097 
0.00 
.325 
0.00 
.132 
.119 
.111 
.176 
.097 
.03't 
.107 
. 3't't 
.076 
.292 
.06't 
.066 
.07't 
.276 
0.00 
.111 
.033 
.07't 
0.00 
.127 
.036 
* denotes a statistically significant (p < 0.05) deviation. 
Table 5.5. 
TABLE 5.6. The allele freguencles and single rpcus 
heterozygosity (Hu) at the Phosphoglucomutase locus in 31 
populatlons of Nemoura cinerea together with the results of the 
X' tests of fit to Hardy-Weinberg Egul I Ibrlum. The degrees of 
freedom = 1 In al I tests. 
1. 
2. 
3. 
'I. 
5. 
6. 
7. 
6. 
9. 
10. 
11. 
12. 
13. 
1'1. 
15. 
16. 
17. 
lB. 
19. 
20. 
21. 
22. 
23. 
2'1. 
25. 
26. 
27. 
2B. 
29. 
30. 
31. 
Blackstone 
Burbage Brook 
Cabin Clough 
Dean Clough 
Holden Clough 
Lady Clough 
March Hi II 
Moorhouse Mn. 
Moorhouse 2 
Nant. Traws. 
Nth. Wales 'I 
Dgden 
Port Erln 
Shiny Brook 
Thomasonls 
Top Lady Cl. 
Wareham 2 
Balualn 
Charnwood 
Cressbrook 
Glebe Farm 
Lutterworth 1 
Lutt:erworth 2 
M I I I ers Da I e 
Nal I stone 
Owston 
Thrusslngton 
Wareham 1 
Wymondham 
Rising Clough 
South Beacon 
7'1 
75 
139 
102 
1'10 
151 
77 
2'1 
99 
6 
23 
206 
15 
322 
67 
59 
1'13 
12 
139 
67 
72 
177 
79 
262 
11 
B6 
30 
22'1 
3'1 
76 
2B 
Allele Freguency 
90 100 110 lEQ 
.160 
.01 'I 
.005 
.00'1 
.030 
.005 
.002 
·.006 
.015 
.006 
.006 
.003 
.002 
.002 
.132 
.622 
.6'10 
.676 
.730 
.650 
.669 
.597 
1. 00 
.'175 
.675 
.761 
.5'16 
.733 
.630 
.627 
.. 676 
.52B 
.B33 
.601 
.609 
.6B6 
.596 
.576 
.6'13 
.773 
.570 
.550 
. '12'1 
. 5'1'1 
.6B'I 
.5B9 
.37B 
.160 
.306 
.265 
.329 
.301 
. '103 
.520 
.125 
.217 
.'1'17 
.267 
.362 
.351 
.271 
.'172 
.167 
.399 
.365 
.312 
.390 
.'111 
.355 
.227 
.'130 
.'133 
.569 
.'156 
.1B'I 
.'111 
.00'1 
.01B 
.022 
.005 
.007 
.0'12 
.011 
.013 
.00'1 
.055 
.092 
3.10 
1. 63 
.533 
.327 
.029 
1. BD 
.077 
.067 
2.56 
1. 95 
'1.76 
3.93 
1. '12 
.577 
1. 92 
1. 10 
1. 63 
.25B 
3.2'1 
.001 
1. 63 
.735 
.122 
.001 
.'1B3 
.537 
1. 73 
.09B 
P 
.61 'I 
.762 
.07B 
.176 
.'165 
.567 
.665 
.179 
.7B2 
.795 
.110 
.163 
.029'" 
.0'16'" 
.23'1 
.'t'lB 
.166 
.295 
.220 
.612 
.072 
.970 
.201 
.391 
.726 
.970 
.'167· 
.'16'1 
.lB9 
.75'1 
.'17'1 
.529 
· '151 
.396 
.'171 
.'162 
.'1B'I 
0.00 
.507 
.233 
.3B2 
.503 
.'105 
.'172 
.'1B7 
.'169 
.500 
.290 
.'161 
.'163 
.'133 
· '19'1 
.502 
· '161 
.366 
.'193 
.51B 
.'197 
.50'1 
.'16'1 
.'193 
'" denotes a statistically significant (p < 0.05) deviation. 
Table 5.6. 
TABLE 5.7. The correlation coefficients of the common allele 
frequencies and heterozygosity at four polymorphic loci In 
Nemoura cinerea with the 5 environmental variables. a) 
Ct:II-',..'E!' el:. , ons i ne:: I ud i ng dat a f'rom a I I sit es. b) Cor'I-'S! I .. t i ona 
exclusive of the Baluain and Wareham E sites. c) 
Correlations of PGM exclusive of Baluain, Wareham E, 
Nai Istone, Nant-y-Trawsnant and Moorhouse Mine. 
LOCUS ALLELE 
AP 
HDH 
PGI 
PGM 
He 
90 a) 
b) 
100 a) 
b) 
Hu a) 
b) 
100 a) 
b) 
110 a) 
b) 
Hu a) 
b) 
60 a) 
b) 
100 a) 
b) 
Hu a) 
b) 
100 a) 
c) 
110 a) 
c) 
Hu a) 
c) 
a) 
b) 
LAT. 
-0.E76 
-0.339 
+0.E7't 
+0.33't 
-0.E76 
-0.335 
LONG. 
-O.El't 
-0.165 
+0.E17 
+0.166 
-0.E60 
-0.E11 
ALT. 
-O.lEE 
-0.193 
+0.110 
+0.17B 
-0.11E 
-0.183 
pH 
+0.307 
+0.3EB 
-0.E90 
-0.311 
+0.E96 
+0.3EO 
+0.130 
+0.319 
+O.'tlE' +0.318 -0.7EE· 
+0.'t55' +0.395' -0.7E1' 
+0.0't5 
+0.155 
-0.15E 
-0.39B' 
+0.000 +0.305 
+0.117 +0.E69 
-0.'t6E2 -0.388' 
-0.536 2 -0.'t6E' 
+0.667' +0. 'tOO' +0.063 
+0.33E +0.191 +0.150 
-0.660' -0.'t05' -0.055 
-0.31't -0.E11 -0.175 
+0.'t95 2 +0.E8E +0.10't 
+0.303 +0.Ec8 +0.17't 
+0.'t51' +0.'t8c 2 
+0.368 +0.379 
+0.378' 
+0.306 
-0.100 
-0.075 
+0. 79't' 
+0.788" 
-O.lcc 
-0.067 
+0.11't 
+0.091 
-0.0't5 
+0.108 
-0.15c 
-0.c't9 
-0.'t39' -0.'tc1' -0.391' +0.c1't 
-0.3't0 -0.c87 -0.c96 +0.315 
-0.3't5 +0.195 +0.177 -0.077 
-0.197 +0.cc1 +0.169 -0.OC7 
CONO. 
+0.18c 
+0.1't5 
-0.170 
-0.133 
+0.c03 
+0.166 
-0.63c" 
-0. 63't' 
-0.cl0 
-0.c8c 
+0.683' 
+0.699' 
-0.1't5 
-0.096 
+0.18c 
+0.136 
-0.150 
+0.153 
-0.'t09' 
-0.386 
+0.'t56' 
+0.'t39' 
-0.176 
-0.106 
-0.180 -0.'t912 -0.'tl1' +0.670' +0.593' 
-0.361 -0.5't5 2 -0.'t702 +0.669 8 +0. 59't 2 
1) = p< 0.05, c) =p < 0.01, 3) = p < 0.001 
Degrees Freedom : LAT., LONG. 
(n - c) 
and ALT .a) = E9 
pH a) = c8 
CONO. a) = c6 
b) = c7 c) = c't 
b) = c6 c) = E3 
b) = c't c) = cE 
Table 5.7. 
TABLE 5.8. The correlation coefficients between the allele 
frequencies and Heterozygosity at the Hexanol dehydrogenase 
locus and the environmental factors for the category e stream 
populations only. 
ALLELE LATITUDE LONGITUDE ALTITUDE PH CONDUCTIVITY 
d. f. 11 11 11 11 9 
90 +0.236 -0.216 +0.113 +0.3'"11 +0.259 
100 +0.113 +0.'"176 -0.205 -0.'"1'"11 -0.591 
110 -0.300 -0.183 +0.06'"1 +0.0'"18 +0.19'"1 
Hu -O.OBl -0.519 +0.209 +0.'"152 +0.6'16", 
(+0.'"19'"1)\ 
1 Correlation exclusive of Baluain (d.f. 8) 
"' 
= p <0.05 
TA8LE 5.9. X' Contingency analysis 
the allele frequencies at four 
populations of Nemoura cinerea 
of the variabi lity between 
polymorphic loci in 31 
Locus No. Alleles X' d. f. 
AP 3 320.'"1 60 < 0.001 
HDH 3 821. 6 60 ., 
PGI '"I 533.7 90 
PGM 5 975.e 120 
Table 5.8. and 5.9. 
TABLE 5.10. Wrighc's (1576) Hierarchical F- staciscics to show 
the variacion of che populations within and becween che two 
stream cacegorles. The figures in parentheses are the f-values 
for PGI exclusive of the Baluain data. 
F-Value 
Locus Within Between Total 
Categories Categories 
AP O.O'te 0.001 0.0't3 
HDH 0.Oe6 0.031 0.056 
PGI 0.e61 0.005 0.eS5 
(0.0't5) (-0.003) (O.O'te) 
PGM 0.05e O.OOe 0.053 
TABLE 5.11. Nei's (1976) mean genetic discance becween 
populacions of Nemoura cinerea in che cwo stream cacegorles. 
Category 
! 
S 
t - cest 
No. 
a b 
b - c 
a - c 
Pops. 
16 
le 
1 
a 
0.017 
(0.000-0.056) 
b 
0.Oe6 
(0.000-0.111) 
-3.B37 P < 0.001 
-S.le7 P < 0.001 
1. 053 P = o. e76 
e 
c 
O.Ole 
(0.000-0.056) 
Table 5.10 and 5.11. 
TABLE 5.12. Temporal allele frequency variation at the 
Aminopeptidase locus in 5 populations of Nemoura cinerea from 
the Derbyshire Peak District. 
Si te Date N Allele Frequency X' d. f. E. 
90 100 
Thomason's S 1981 12 1.000 
W 1981 29 0.018 0.982 
S 1982 '18 0.021 0.979 10.63 '1 0.0:31'" 
W 1982 59 0.102 0.898'" 
S 1983 69 0.080 0.920 
Mi Iler 's W 1982 117 0.0:30 0.970 O. '10 1 0.526 
S 1983 97 0.0'11 0.959 
Top Lady Cl. S 1982 25 0.060 0.9'10 
W 1982 72 0.0'12 0.958 0.32 2 0.853 
S 1983 59 0.0'12 0.958 
Lady Cl. W 1981 E2 0.0'15 0.955 
S 1982 16 0.063 0.937 0.32 3 0.956 
W 1982 E5 0.060 0.9'10 
S 1983 50 0.070 0.930 
Rising Cl. S 1982 E3 0.152 0.8'18 0.07 1 0.786 
S 198'1 '11 0.171 0.829 
5 = 'summer' f W = 'winter" 
'" denotes a statistically significant (p < 0.05) change. 
( 
Table 5.12. 
TABLE 5.13. Temporal allele frequency variation at the 
phosphoglucose Isomerase locus in 5 populations of Nemoura 
cinerea from the Derbyshire Peak District. 
Site 
Thomason's 
Date 
S 19B1 
W 1981 
S 1982 
W 19B2 
S 1983 
N 
16 
'tl 
62 
76 
68 
Mi I ler's W 1982 213 
S 1983 
Top Lady Cl. S 19B2 
W 1982 
S 1983 
Lady Cl. 
Ri sing Cl. 
W 1981 
S 1982 
W 1982 
S 1983 
S 1982 
s 198't 
97 
50 
71 
59 
5't 
35 
'tB 
55 
29 
'to 
A I I e I e Frequency 
60 100 120 
0.037 
0.065 
0.026 
O.O't't 
1.000 
0.963 
0.935 
0.97't 
0.956 
0.20't 0.796 
0.082 0.918 
0.020 
0.0't9 
0.017 
0.970 0.010 
0.930 0.021 
0.9B3 
0.009 0.991 
1.000 
0.063 0.927 
0.009 0.991 
0.052 0.91't 0.03't 
0.050 0.938 0.013 
X' d. f. E 
't.l0 't 0.392 
1't.25" 1 <0.001 
6.10 't 0.192 
11.11 .. 3 0.011 
0.77 2 0.581 
.. denotes a statistically significant (p < 0.05) change. 
Table 5.13. 
TA6LE 5.1~. Temporal allele frequency variation at the 
phosphoglucomutase locus in 5 populatlons of Nemoura cinerea 
from the Derbyshire Peak District. 
Site Date 
Thomason's S 1961 
W 1961 
S 1962 
W 1962 
S 1983 
Mi I ler's 
Top Lady 
Lady Cl. 
W 1982 
S 1963 
Cl'S 1962 
W 1962 
S 1963 
S 1982 
W 1962 
S 1983 
Ri sing Cl. S 1962 
S 196~ 
N 
22 
26 
~3 
65 
66 
168 
7~ 
38 
65 
56 
33 
25 
22 
20 
39 
A I I e I e Frequency 
90 100 110 
0.023 
0.015 
0.003 
0.013 
0.009 
0.015 
0.795 
0.766 
0.651 
0.6~6 
0.629 
0.6~6 
0.635 
0.656 
0.665 
O. 71~ 
0.682 
0.560 
0.659 
0.205 
0.212 
o.3~9 
0.331 
0.356 
0.351 
0.365 
0.329 
0.300 
0.268 
0.303 
0.~20 
0.3U 
0.125 0.700 0.175 
0.1~1 0.679 0.179 
d.f. E 
10.91 8 0.207 
0.~6 2 0.79~ 
3.52 6 0.7~1 
1. 35 3 0.510 
0.07 2 0.966 
1) Note the 120 allele frequency not shown 
TA6LE 5.15. Temporal allele frequency variation at the Hexanol 
dehydrogenase-l locus in 2 populatlons of Nemoura cinerea from 
the Derbyshire Peak District. 
Site Date N Allele Frequency X' d. f. E 
90 100 110 
Thomason's S 1982 25 0.920 0.080 2.06 1 0.152 
S 1983 56 0.8~0 0.160 
Mi Iler's W 1962 ~o 0.100 0.625 0.075 10.~9 2 ,0.005'" 
5 1983 95 0.126 0.6~2 0.232 
'* 
denotes a stat I st I ca I I y significant change ( p < O. OS). 
( 
Table 5.1~ and 5.15. 
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CHAPTER 6 
THE TOLERANCE OF NEMOURA CINEREA TO ACUTE ACIDITY STRESS 
6. 1. Introduction 
The results of the investigation into inter-population 
genetic variation In N. cinerea (Chapter S) revealed a clear 
association between the distribution of the HDH-1 90 allele 
and stream 'type' . The 90 allele was only ~resent in lower 
altitude streams with a high pH and high conductivity. The 
most I ikely explanation for this non-random distribution is 
that the 90 allele. or another closely I inked gene or genes In 
disequi I ibrium with it, has been removed from higher altitude, 
low pH and low conductivity streams through the action of 
natural selection. Stream water chemistry, especially acidity 
(pH) was proposed as a possible selecting agent because 
regression analysis revealed a strong relationship between pH 
and the frequency of the HDH-1 100 allele and between pH and 
heterozygosity. However, although correlations between gene 
frequency and a presumed selective agent provide evidence that 
natural selection rather than random drift has Influenced the 
distribution of a particular allele, only direct cause-effect 
laboratory experiments can unambiguously relate changes in 
gene frequency to a selective agent (Clarke, 1975; Nevo et ~, 
1960). Therefore, toxicity tests were carried out to determine 
the tolerance of N. cinerea to acidification, and to 
investigate whether nymphs from naturally acidic streams were 
more tolerant than those from neutral or alkal ine streams. 
Differential survival or fitness of any HDH genotype could be 
determined by screening the nymphs used in toxicity tests on 
populations from alkal ine streams. 
91 
6.E.Materials and Methods. 
Detai Is of the apparatus and experimental procedure 
are given in section E.5. (Chapter E). 
6.E.1.Experimental Organisms. 
The nymphs used in these 96 hour acute toxicity tests 
came from Thomason's Hol low. an acid stream (pH ~.5) in the 
Derbyshire Peak District (site 15 in Chapter 5) and Glebe 
Farm, an alkaline stream (pH B) 
Chapter 5). 
in Leicestershire (site El in 
6.E.E.Analysis. 
The 96 hour LC-50 values and their confidence limits 
(Fiducial Limits) from each test were determined by probit 
analysis (Finney, 1971). Differences in the LC-50's were 
compared using the nomographic relative potency analysis of 
Litchfield and Wi Icoxon (19~9). Chi-squared contingency tables 
were used to compare the gene and genotype frequencies of the 
nymphs- k i I I ed in the toxicity tests with those of the 
survivors from acidified chambers and non-acidified controls. 
6.3.Results. 
The_ mortal ities observed after 96 hours in seven 
toxicity tests are shown In Table 6.1. The percentage of the 
animals ki lied at each pH was plotted on a probabi I ity 
(probit) scale against hydrogen ion concentration on a 
logarithmic scale (pH). (Figures 6.1 6.~) . The regression 
I ines and 96 hour median lethal concentrations (96 hour 
9E 
LC-50) were calculated by probit analysis. The SS hour LC-50's 
and their fiducial imits are shown in Table S.e. together 
imits are with the regression coefficients (b). (Fiducial 
used in the analysis of toxicity data rather than the more 
common variance and confidence I imits because the variance 
shou I d on I y be used to descr i be' direct observat ions or 
statistics calculated from the observations. Fiducial limits 
are a statement that there is S5% chance that the LC-50 value 
falls within the specified limits (Finney,lS7l». The LC-50's 
ranged from pH e.SSO to 3.eel which converts to a hydrogen ion 
concentration of lOSS to 60e micro equivalents per litre. 
The regression I ines and LC-50's were compared using 
the method of Litchfield and Wilcoxon (lS~S) to determine if 
the responses to pH were significantly different for the two 
populations and whether 
dissolved salts or adding 
doub ling 
calcium 
the concentration of 
ions (eO mg. I - , as 
Calcium nitrate) could alter the toxic response. These results 
are shown in Table S.3. There were statistically significant 
differences (P < 0.05) between most of the toxicity estimates 
with either the slope of the regression line or the LC-50 (or 
both) being different. Non-para I lel ism of regression lines 
indicates that differences in the toxic response were 
inconsistent over the range of doses used in the tests being 
compared, so that a simple comparison of LC-50's could be 
misleading (eg. between tests e and 7, and between tests ~ and 
5). These differences might have been predicted, since the 
paired comparisons were between different populations 
(Thomason's Hol low or Glebe Farm), different water conditions 
(no added salts or double concentration or calcium ions 
added), or nymphs of different ages or from different years 
S3 
(see site/sample date in Table 6.c). 
The gene and genotype frequencies from two toxicity 
tests on nymphs from the Glebe Farm site are shown In Table 
6.~ together with the results of X' contingency analysis. No 
significant differences were found between the genotypes or 
gene frequencies of those that were kl I led, the survivors or 
the controls. Figure 6.5 shows the gene frequencies of the 
nymphs from two tests. 
Data from the tests starting on 16.5.63. could not be 
used for determining Le-50's due to an excess of .deaths in one 
control chamber. This must have been contaminated in some way. 
Two other tests from June 1~63 were not used to determine 
Le-50's because nymphs emerged as adults in the test chambers. 
This inval idated the tests because the adults were no longer 
exposed to acid stress. However, these tests did show that 
adults could successfully emerge from water with a pH of 3.0. 
The genotypes of ~hese adults are shown in Table 6.5. 
6.~.Dlscussion. 
The ~6 hour Le-50's for N. cinerea ranged from pH 
c.~6 to pH 3.cc. These values are simi lar to those reported by 
Lechleitner et~. (1~65) for three North American stonefl ies: 
Tallaperla maria and Pteronarcys proteus (pH c.6), and 
P.dorsata (pH 3.3). However, most ~6 hour Le-50's reported for 
stonefl les are higher. In Murphy's (1~76) review of toxicity 
test data, the range for eight North American species was from 
pH 3.c3 to pH 5.33. This gives an indication that N. cinerea 
is probably one of the most acid tolerant stonefly species 
and provides laboratory evidence to explain why this species 
is often one of the dominant invertebrates in Europe's acid 
streams (Otto and Svensson ,1983), 
The comparison of the acid tolerance of two different 
populations did not give the result that might have been 
predicted, Nymphs collected from the alkaline stream at Glebe 
Farm, where the water chemistry was very different from the 
test conditions, proved to be e9ually, or more, tolerant to 
acid than those from Thomason's Hol low (Table 6.e). This 
contrasts with reports of consistent differences in acid 
tolerance between populations of fish (Gjedrem,1976, Swarts et 
1978 and Rahel, 1983) and a9uatic insects (Jernelov et 
~,1980) collected from naturally acidic or neutral/alkal ine 
waters. In al I these cases, organisms from alkal ine streams 
(or from hatcheries) were more sensitive to acid stress. The 
results of the toxicity tests on ~. cinerea from Glebe Farm 
show that this species has a remarkable abi I ity to survive 
large changes in external pH, at least for short periods (96 
hours). 
Many investigations into the toxic mode of action of 
low pH have found that ionic regulation is adversely affected 
by increases in the external hydrogen ion content (see Fromm, 
1980, and Havas. 1981 for reviews). Evidence for this has 
come. in part. from observations that survival can somel:imes 
be prolonged at low pH by adding sodium or calcium ions to the 
test water (Packer and Dunson. 1970. Le i vestad et a I 1976) .. 
and that natural fish populations tend to be lost first from 
di lute lakes (Schofield. 1976). The effect of adding ion 
supplements was not examined in detai in the present study. 
The results from the three occasions when extra salts were 
added were not consistent. however. The ion supplements 
significantly reduced mortal ity in the two tests on nymphs 
95 
from Thomason's Hol low but there was no change In the test 
involving nymphs from Glebe Farm (Tables 6.2 and 3). Also, a 
comparison of the toxicity curves shows that, in the first 
experiment on nymphs from Thomason's Hol low, when 20 mg. 1-' 
Calcium was added, ine was para I le I with the 
non-suppl~ment curve. 
the 
This indicates that calcium reduced 
toxicity over the whole range of pH's used. In the experiment 
where the total salt concentration was doubled, there was a 
significant increase in the gradient of the line (P <0.001). 
This indicates that survival was only improved at pH's greater 
than 3.0 and, in fact, there was increased mortal ity at pH 3.0 
(Table 6. 1). These inconsistencies mean that no firm 
conclusions can be drawn about the importance of ionic 
regulation in pH induced mortality in N. cinerea. 
One reason why these experiments fai led to give clear 
evidence that mortal ity was caused by a fai lure of the 
osmoregulatory system could be that the ion supplements were 
not sufficiently concentrated to reduce mortality. Several 
workers have reported that only very high concentrations (more 
than 200 times those used here) have a noticeable effect on 
fish mortal ity (in Havas,1981). However, lower concentrations 
have been effective in invertebrates (Greenwood et ~, 1986), 
and McWi II iams & Potts (1978) showed that 20 mg. 1-' of 
calcium reduced gi I I permeabi I ity to hydrogen ions in brown 
trout by ~3% compared to solutions with no added calcium. A 
further explanation could be that the ion supplements can 
only reduce mortal ity for a short time (hours) so that the 
effect was missed over 96 hours. 
The analysis of the HOH-1 genotypes of the nymphs used 
in the tests did not suggest that low pH was directly 
96 
responsible for the removal 
populations (Table 6.~.). 
of the 90 allele from acid stream 
Individuals with the 90 allele 
appeared to be equally tolerant to acid stress as those with 
the 100 or 110 al leles. This result Is consistent with the 
finding that nymphs from alkaline streams are as tolerant to 
low pH as those from acid streams. It appears, therefore, 
that another environmental factor (or factors) may be 
responsible for the non-random distribution of the HDH-l 90 
allele amongst populatlons of N. cinerea In Britain. One 
poss I b I I I t y , food qua I I ty , has already been proposed In 
Chapter 5. However, It Is not possible to completely rule out 
low pH as a selective agent. Different life stages may have 
different sensitivities to acid stress. Bel I (1971) showed 
that the pH for the successful emergence of 50% of adults was 
usually 1 unit higher than the 96 hour LC-SO for the nymphs, 
and several workers have shown that egg hatching and early 
growth in fish Is particularly sensitive to low pH (Fromm, 
19BO). It is possible that acidity could directly remove 
individuals with the HDH-l 90 allele at these critical stages. 
However, there was no evidence that there was a difference in 
the genotypes of the emergent adults screened in these tests 
(Table 6.5). Unfortunately, attempts to hatch N. cinerea eggs 
in the laboratory were unsuccessful. It is also possible that 
any differential survival of HDH-l genotypes would only be 
apparent, either at even lower pH's than those used here, or 
over a longer time period. Attempts were made to carry out 30 
day LC-SO tests but these were unsuccessful due to poor 
survival of nymphs in both test and control conditions. 
Thus the evidence presented in this chapter is not 
supportive of a direct mechanism of acid selection at the 
97 
HDH-l locus inN. cinerea. There was no difference in the 
Le-50s for acid or alkal ine stream populations and no 
differential survival of HDH-l genotypes was detected. 
However. only resistance to short term acute acidity was 
measured. It is possible thal: different HDH-l genotypes have 
different long term resistances to low pH, including 
differences in fecundity in acid conditions. 
Table 6.1. The number of mortal ities observed at each pH In 
the 56 hour acute toxicity tests. 
Site/ Additions No. per Number Dead after 56 Hours 
Sample Date chamber 2.8 
1. TH 6.12.82. 30 30 
2.TH 6.12.82. 20mg. ;-' Ca 30 30 
3.TH 26.'1.83. 30 30 
't.TH c6.'t.83. salts X C 30 30 
5.GF 30.5.82. 20 20 
6.GF c7. '1. 8'1. 30 "'16 
7.GF 27.'1.8'1. 20mg. 1-' Ca 30 "'1'1 
TH = Thomason's Hollow, GF = Glebe Farm. 
"'N = 20 p .. r c.h"",bo..r 
3.0 3.2 3.'1 3.6 
2'1 6 0 0 
15 '1 0 0 
15 6 0 0 
27 '1 0 0 
17 6 2 0 
13 3 0 
10 6 0 
Table 6.2. The LC-50's (as j.J.eq.I-1 of hydrogen ions and pH), 
fiducial I imits and regression coefficients (b) calculated 
using Finney's (1571) probit analysis for the 56 hour acute 
tox i city tests. 
Test Site/ Additions N LC-50 Fiducial 
Limits 
b 
No. Sample Date j.J. eq. I -. pH 
1 Thomason's 
6.12.82. 
2 
180 
20 mg. I -. Ca 180 
79'1 
535 
3 Thomason's 150 601 
26.'1.83. 
'1 Salts X c 150 758 
5 Glebe Fm. 120 700 
30.5.83. 
6 Glebe Fm. 1'10 1056 
27.'1.8'1. 
7 20 mg.I-'Ca 1'10 1086 
3.10 3.057-3.1'13 8.8 
3.03 2.555-3.058 7.7 
3.22 3.1'11-3.275 5.7 
3.10 3.061-3.13'1 12.'1 
3.15 3.096-3.215 6.8 
2.56 2.885-3.019 5.'1 
2.96 2.506-3.012 3.7 
( 
Table 6.1. and 6.2. 
Table 6.3. The probabi I ities of accepting the nul I hypothesis 
(no difference) for compar i s·ons between the slopes of the 
regression lines (below diagonal) and Le-50's (above diagonal) 
of the 96 hour acute toxicity tests (from the nomographs of 
Litchfield and Wi Icoxon. 19'19). 
Test 1 2 3 '1 5 6 7 
1 <0.05 <0.001 N. S. N.S. <0.01 <0.01 
2 N.S. <0.001 <0.05 <0.01 N.S. N. S. 
3 <0.05 N.S. <0.01 N.S. <0.001 <0.001 
'1 N.S. <0.01 <0.001 N. S. <0.001 <0.01 
5 N.S. N. S. N.S. <0.01 <0.001 <0.001 
6 N.S. N. S. N. S. N. S. N.S. N. S. 
7 <0.01 <0.05 N.S. <0.001 <0.05 N.S. 
N.S. = no significant differance 
( 
Table 6.3. 
Table 6.'t. a. ) The genotype numbers and b. ) the gene 
frequencies at the HDH-1 locus in N. cinerea nymphs from the 
Glebe Farm site screened following 96 hour acute toxicity 
tests (d. f. = degrees of freedom. P = Probab i I i ty. cont = 
control group) . 
a. ) 
Test Group Genotype Numbers X2 d. f. P 
Date 90 90 90 100 100 110 
90 100 110 100 110 110 
cont 1 11 3 9 e 1 
30.5.B3. dead e 11 't 17 3 1 7.93 10 0.6't 
live 3 B 1 11 7 1 
cont 1 6 't B 3 1 
16.5. B3. dead 't 1B 5 eB 11 B 9.17 10 0.5e 
live e e't 3 30 B. 3 
b. ) 
Test Group Allele Frequencies X2 d.f. P 
Date 90 100 110 
cont 0.e96 0.57't 0.130 
30.5. B3. dead 0.e50 0.63e O.llB 1. O't 0.90 
live O.e'te 0.5B7 0.161 
cont 0.e61 0.5't3 0.196 
16.5. B3. dead 0.e09 0.57't 0.e16 5.'t't 't 0.e5 
live 0.ee1 0.657 0.le1 
Table 6.5. The genotypes of the adult N. cinerea (from Glebe 
Farm) that successfully emerged from the test chambers during 
96 hour acute toxicity tests. 
Test Date 
June 19B3 
90 
90 
e 
Genotype 
90 90 
100 110 
9 3 
( 
numbers 
100 100 
-- --lOO 110 
11 5 
110 
110 
Table 6.'t. and 6.5. 
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CHAPTER 7 
THE EFFECT OF LOW PH ON THE RATE OF OXYGEN CONSUMPTION 
IN NEMOURA CINEREA 
7.1. Introduction. 
Many investigations into the toxic mode of action of 
ac i d i ty have been cat"ri ed out on aquat i c organ isms. though most 
work has centered on fish (Fromm, 1980: Havas, 1981) . From 
these studies it appears that at least four interrelated 
physiological functions may be affected by low pH. These are: 
acid-base balance, sodium regulation, calcium regulation and 
respiration. Their relative importance is thought to depend on 
the ambient hydrogen ion concentration. However, a complete 
understanding of the process is hampered by the variable 
responses of different organisms to.acid stress. 
Of the four functions, the influence of low pH on 
respiration has received the least attention in invertebrates. 
Only two reports relating to this subject could be found in 
the literature. Doherty and Hummon (1980) found that acid mine 
water did not consistently alter the respiratory rates of two 
mayfly species and one stonefly species. In contrast, AI ibone 
and Fair (1981) found that low pH values severely depressed 
the oxygen uptake rates in the crustacean Daphnia magna. This 
in response could be a reflection of their difference 
different tolerances. to acidification. However both 
investigations had methodological deficiencies which may imit 
the general appl icabi I ity of their findings: Doherty and 
Hummon used Warburg manometers to determine oxygen 
consumption. No substratum was used to reduce disturbances 
caused by the sixty strokes per minute shaking motion, and the 
long measurement period (3 hours), together with the smal I 
volume (e ml) of test fluid used, may have resulted in a 
considerable reduction in the oxygen concentration. No detai Is 
were given however. In a critical review of AI ibone and Fair's 
(1961) paper, France (196e) pointed out that they really 
measured the effects of carbon dioxide rather than pH on 
oxygen uptake. The carbon dioxide arose as an artifact of 
their method of acidifying the test water immediately prior to 
measurement in a closed oxygen electrode system. 
The problems of maintaining a constant ambient oxygen 
concentration and of minimising physical disturbances to test 
organisms during the addition of a specific pollutant can be 
overcome by using a flow-through respirometer (Maki et ~, 
1973; Nagel I 1975. and Gnaigner. 1963). An investigation into 
the effects of low pH on respiration in Nemoura cinerea under 
the more natural conditions produced by a flow-through 
respirometer is reported in this chapter. 
7.e.Materlals and Methods. 
Decai Is of the apparatus and experimental 
are given in section e.6. (Chapter e). 
7.e.1.Experimental Organisms. 
procedure 
With the exception of the experiment conducted on 
e5.1.63. al I the nymphs used in the studies on oxygen uptake 
came from an acid stream, Thomason's Hol low. in the Derbyshire 
Peak ~istrict. The nymphs used on 25.1.63 came from an 
alkal ine site at Glebe Farm in Leicestershire. 
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7.3;Resul~s. 
An example of the outpu~ from the char~ recorder from 
three days of experimen~s is' presented In Figure 7.1. From 
this i~ can be seen that ~he recording of the oxygen 
concentra~ion from the respiratory chamber was more variable 
than that from ~he reservoir. This may have been par~ly caused 
by changes in the respiratory activity of the nymphs but the 
main reason was that mixing of the water was affected by the 
pulsa~lng flow produced by the peristaltic pump. 
The raw data taken from recordings simi lar ~o those 
shown in Figure 7.1 were used ~o calculate the mean rate of 
oxygen consumption per animal (nl/hr) and weigh~ specific rate 
of oxygen consumption (~l/g/hr) at each pH (Table 7.1) The 
detai Is of each experiment are also included in the table. The 
weight specific ra~e of oxygen consumption was calculated for 
comparison with similar published data. 
The relationship between respiration (R) and mean dry 
weigh~ (W). under bo~h acid and neutral condl~ions. is shown 
in Figure 6.2. The regression equations of the I ines have the 
form: log R = a + b(log W) with R in nl02/hr and W in mg dry 
weigh~. 
At pH 7.0 the regression equation was: log R = 3.017~ 
+ 0.9006 log W (the correlation coefficient r = 0.99) At pH 
'3.0 the regression equation was: log R = 2.9950 + 0.8507 log W 
(r = 0.99) In both cases ~he regression coefficient b was 
significantly different from zero (t. = 27.6 at pH 7 and t, = 
13.7 at pH 3. P < 0.001). This. together with the high 
correlation coefficients (P < 0.001). gives an indication of 
the srrong mass dependence of the rate of oxygen uptake. 
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The rate of ox .. ygen uptake was compared at pH 7 and pH 3 for 
al I sizes of nymphs by a test of the homogeneity of the 
regression coefficients (Bailey, 1959). The nul I hypothesis H: 
b1 be= 0 was tested where b1 = the coefficient of 
regression at pH 7 and be = the coefficient of regression at 
pH 3. Nb sign i·f I cant difference was found between the 
coefficients (t,. = 0.19, P» 0.10) which indicates that there 
was no difference in the rates of oxygen uptake at pH 7 and pH 
3. 
7.'t.oiscussion. 
The flow-through respirometer seemed to perform very 
wel I throughout this series of experiments. The read-out from 
the oxygen electrode was stable in each experiment, and the 
results were consistent between years, and over a range of 
animal sizes. The values obtained for the respiration rate of 
Nemoura cinerea at 10°C (about 1000 ~I/g/hr) were close to 
those obtained by Nagel I (1973) . He used a simi lar 
flow-through respirometer to determine the effects of reduced 
oxygen concentration on the rate of oxygen uptake in one 
mayfly and three stonefly speCies, including Nemoura 
cinerea. There was considerable variation in the oxygen 
consumption values he obtained. However, he reported an 
average of around 750 ~I/g/hr for 'ful I grown' N. cinerea 
nymphs at BOC and a dissolved oxygen concentration around 10 
mg/I. 'Ful I grown' nymphs were used in the tests carried out 
in July 19Be and 19B3 here. 
One of Nagel I 's findings influenced the experimental 
procedure used here. He showed that, for al I the species 
examined, the rate of oxygen consumption reached a plateau at 
10e 
about 6 mg 0 2 /1 and was Independent of the ambient 
concentration above this. Hence. the initial dissolved oxygen 
concentration of the water in the reservoir was not closely 
control led before the start of the experiments to determine 
the effect of low pH on respiration. A comparison of the rates 
of oxygen consumption of equal sized nymphs at si ightly 
different initial oxygen concentrations (Table 7.1) is in 
agreement with Nage I I • s conc I us ions that sma I I changes in the 
dissolved oxygen concentration do not affect uptake rate when 
initial levels are high. 
The values for the rate of oxygen consumption of ~. 
cinerea also compare favourably with those obtained by Knight 
and Gaufin (1966). They used Warburg apparatus to investigate 
the respiratory metabolism of several North American stonefly 
species. The species most simi lar to N. cinerea. in terms of 
size, were Nemoura cinctipes and N. ca I i forn i ca with an 
average dry weight of 1 to 2 mg. Their oxygen consumption 
rates were found to be 11~~ and 17B3 ~l/g/hr respectively. at 
10oC. Knight and Gaufin (1966) also investigated the effect of 
temperature on oxygen consumption and found temperature 
coefficients (Q,o) of about 2.2 in the 5 to 10 0 C temperature 
range" If N. cinerea is assumed to have a similar Q,o. 
Nagel I 's(1973) results can be adjusted to give an average 
oxygen consumption of 915 ~l/g/hr at 10 oC. 
simi lar to those described here. 
results very 
Both Nage I I (1973) and Knight and Gaufin (1966) 
reported that the rate of oxygen consumption was influenced by 
body size. Nagel I (1973) simply stated that smal I specimens of 
N. cinerea and the mayfly Cloeon dipterum were more 
efficient in taking up oxygen at low concentrations and had a 
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higher consumption than larger ones at the same concentration. 
Knight and Gaufin (1966) made a fuller Investigation of the 
relationship between body size and respiration rate. They 
found that. for nymphs of Acroneuria pacifica al")d 
Fteronarcys cal ifornica weighing less than 60 and 100 mg 
respectively. the coefficents of the regression of log. oxygen 
uptake on log. dry weight were 0.7e and 0.90. These are 
simi lar to the values obtained for N. cinerea in this study 
(0.S5 and 0.90). 
The regression coefficent is the gradient of the log.-
log. plot of oxygen uptake rate against body weight. This has 
been found to have a value of about 0.75 for most species 
examined (Hemmingsen. 1960). This means that although the rate 
of oxygen consumption per individual is greater in large. 
animals. their weight specific rate of oxygen consumption wi I I 
be lower than that of smal I ones. Various explanations have 
been proposed to explain this phenomenon though none seems to 
be universally accepted (Frosser. 1973. Sanse. 19S2). 
The regression coefficient for N. cinerea is si i ght I y 
higher than the generally quoted value for the mass dependence 
of oxygen uptake. This may have been caused by the temperature 
used in the experiments to determine the respiratory rates. 
Several workers have reported an inverse relationship between 
the regression coefficent and tempe~ature in invertebrates (in 
Sanse. 1982). The value of 0.75 was derived from experiments 
conducted at eOoC whereas the rate of oxygen uptake.· i n ~; 
cinerea was determined at 10° C. However. high coefficients 
of mass dependence of between' O.SO and 0.95 have also been 
reported from other studies of the respiratory physlolo~y of 
smal I invertebrates (l~g to ~Omg dry weight). This has led to 
.< 
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the conclusion that these organisms do not follow the same 
pattern of mass dependent reduction in respiration rate as the 
larger organisms used to give a value of 0.75 (Prosser, 1973). 
Numerous physiological and toxicological studies on 
fish have shown that acidification can cause a significant 
reduction in the rate of oxygen uptake leading to eventual 
death by hypoxia (see Fromm, 19BO and Havas, 19B1 for 
reviews). This, together with the observation that several 
insect species that rely on atmospheric oxygen are common in 
acid environments (Hultberg and Grahn, 1975; Havas and 
Hutchinson, 19B1), has led to the inference that invertebrates 
may be simi larly affected (Havas, 19B1, Alibone and Fair, 
19B1). However, the results of this study, together with those 
of Doherty and Hummon (19BO), indicate that acid pollution 
does not affect the respiration of aquatic Insects. No 
significant change could be detected in the rate of oxygen 
uptake of N. cinerea even at a pH of c.5 which was found to 
be toxic to 50% of the test organisms within c~ hours in 
prel iminary acute toxicity tests (Chapter 6). 
The apparent lack of involvement of the respiratory 
system In the toxic effect of acid pollution does not, on 
reflection, seem too surprising. In fish, respiration is 
affected only at pH's below which problems with ionic 
regulation and acid-base balance are known to occur. The 
reduction in oxygen uptake is thought to be caused by the 
reduced carrying capacity of haemoglobin as the blood pH falls 
(Fromm, 19BO). Nemoura cinerea and the species studied by 
Doherty and Hummon (19BO) do not rely on respiratory pigments 
to transport oxygen and seem, therefore, to be unaffected by 
low pH. It may be speculated that invertebrates that possess 
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respiratory pigments might show a simi lar respiratory response 
to acidifocatlon as fish. 
In the absence of any respiratory pigment to cause a 
reduction in the rate of oxygen uptake at low pH, i.t was 
thought that the opposite reaction might occur in N. cinerea. 
Internal ionic balance is maintained in all freshwater 
organisms by the active uptake of sodium ions against a 
concentration gradient. Low pH interferes with this process, 
mainly by increasing the rate of sodium loss. so that .more 
energy is needed to replenish it by active uptake (Havas, 
1981). The increase in the energy demands for ionic regulation 
could be met by an increase in the rate of oxygen uptake when 
organisms are exposed to acid stress. A similar hypothesis was 
proposed to account for the reduction in growth rate of a 
mayfly in an experimentally acidified stream in North America 
(Fiance, 1978) and the reduction in the calorific content of 
stoneflies, mayflies (Raddum, 1979) and the waterlouse Asel Ius 
(Steigen and Raddum, 1981) exposed to low pH. However, as 
mentioned above, no significant change was recorded in the 
rate of oxygen uptake in N. cinerea after acidification. 
At least two explanations can be proposed to account 
for the lack of a respiratory response to acid conditions in 
N. cinerea. The first is that the oxygen electrode was not 
sensitive enough to detect subtle changes in oxygen uptake. 
This seems unl ikely however, since the electrode did respond 
to minor changes caused by poor mixing or smal I alterations in 
flow rate through the respiratory chamber (Figure 6.1). The 
second explanation is that ionic regulation was unaffected 
under the conditions used or within the time limits of the 
experiments. Aquatic insects, including the Plecoptera, are 
, 
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known to use varying amounts of organic compounds for 
osmoregulation (Sutcliffe, 1962, 1963) which may explain 
their tolerance to low pH , Several aquatic insects including 
o i ptera (Havas, 1961) and the waterbug, Corixa punctata 
(Vangenechten and Vanderborght, 1960) have been shown to be 
capable of maintaining constant haemolymph sodium 
concentrat Ions for severa I days at pH 3. The" ac i d i f i ed water 
used in the respirometer was found to be toxic to N. cinerea 
nymphs with the 96 Hour LC-50 lying between pH 2.96 and pH 
3.22 (Chapter 6). However, it appears from the data presented 
here. that acidification does not cause respiratory stress, 
in the first few hours of exposure. 
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TABLE 7.1. Experimental conditions (pH,oxygen concentration, 
flow rate, number and dry weight of nymphs) on the dates shown, 
and the rates of oxygen consumption at each pH. 
Datel 
Location 
pH D'Conc 
(mg/l) 
23.0~.82 7.0 9.~ 
Thomason 3.0 9.~ 
26.0~.82 7.0 9.9 
Thomason 3.0 9.9 
9.07.82 7.0 10.2 
Thomason 2.8 10.2 
21.07.82 7.1 10.9 
Thomason 2.5 10.8 
30.11.82 7.0 11.3 
Thomason 3.0 11.3 
1.12.82 7.0 10.9 
Thomason 3.0 10.9 
25.01.83 7.0 10.7 
Glebe Fm 3.0 10.6 
7.0 10.7 
5.07.83 3.0 9.8 
Thomason 
6.07.83 7.1 9.8 
Thomason 
7.07.83 7.0 9.8 
Thomason 3.0 10.1 
Flow N Mean Dry Mean O'consumptlon 
Wt. (mg) lanimal Ig dry wt 
(nI/Hr) (~l/g/Hr) 
(mI/Hr) 
~5 
~3 
50 
~3 
130 
130 
110 
106 
~8 
~O 
~5 
35 
59 
62 
110 
105 
101 
103 
108 
90 
90 
80 
80 
60 
60 
77 
77 
210 
210 
220 
220 
160. 
160 
80 
67 
67 
67 
67 
0.~1 
• 0.~1 
o.~o 
O.~O 
0.60 
0.60 
0.70 
0.70 
0.06 
0.06 
0.06 
0.06 
0.08 
0.08 
0.36 
0.69 
0.69 
0.69 
0.69 
~60.~ 
~53.9 
~5~.0 
~32.0 
588.6 
572.~ 
7~~.8 
769 .. 3 
7~.6 
93.2 
79.6 
88.0 
126.0 
118.5 
~21. 2 
698.3 
877.0 
701. 0 
817.0 
1123 
1107 
1135 
1080 
981 
95~ 
106~ 
1099 
12~~ 
155~ 
1327 
1~67 
1575. 
1~81 
1170 
1012 
1271 
1016 
118'1 
N = number of nymphs in the respirometer 
( 
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CHAPTER 8 
General Discussion 
The investigation Into genetic variation and acid 
tolerance in the Nemouridae had three main stages. In the 
first stage electrophoretic techniques had to be refined 
through trial and error to establ ish a program for the 
characterisation of enzyme variation in stonefl ies as no 
previous multi-locus electrophoresis had been reported in this 
fami Iy. A range of species could then be screened to assess 
how much genetic variation was present in each one (Chapter 
't) . Nemoura cinerea proved to have the most scoreable 
polymorphic loci of the species examined. so this was used 
for the second, central stage; a survey of inter-population 
genetic variation and its relationship to environmental 
changes (Chapter 5). The clear association between stream 
'category' and the non-random distribution of the HDH-1 90 
allele indicated that natural selection could be influencing 
variation at this locus and stream water chemistry was 
identified as a possible selecting agent. However, Clarke 
(1975) and Koehn (1978) have pointed out that a comprehensive 
explanation for observed gene frequency patterns depends upon 
a demonstration that the allozymes differ in biochemical 
reactivity or stabi lity and that these result in physiological 
differences that could be affected by environmental factors. 
Therefore, in the third stage, an attempt was made to fulfi I 
part of this program through investigations to determine 
whether acidity could have a direct effect on growth, survival 
or respiration in N. cinerea (Chapters 3,6 and 7). 
lOB 
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During the first stage. electrophoresis was most 
successful with members·of the Nemouridae. so al I further work 
was concentrated on this group. Data were accumulated to al low 
a comparison between nine of the eleven British species at 
16 enzyme I oc i . This number of Inter - locus comparisons is 
low. relative to many similar investigations on vertebrates. 
but is comparable with other invertebrate studies (Nevo. et 
~. 198~). This suggests that, either invertebrates have low 
activity for the enzymes that are commonly used in 
electrophoresis making them difficult to score, or that 
difficulties are often encountered in making tissue 
preparations from invertebrates. Low numbers of inter - locus 
comparisons can cause some problems for data analysis and 
interpretation since the errors attached to estimates of 
genetic identity and distance are increased (Nei, 1978; Gorman 
and Renzi, 1979) . However. 16 loci allows species to be 
compared with reasonable accuracy (Ferguson, 1980). 
The inter-specific genetic distances within the 
Nemouridae were large in comparison with values reported for 
some other insect fami lies (Table B.l.). This was especially 
true of the genus Nemoura. Thorpe (19B3) suggested that the 
crit:lcal value for distinguishing between species and genera 
is about D = 1.05. since B5 % of comparisons between 
congeneric species fal I below this value. The mean genet:ic 
dist:ance between Nemoura speCies exceeds the mean for 
inter-generic comparisons in Thorpe's (1983) survey (Table 
8.1. ). The distance values within the other two genera, 
Amphinemura and Protonemura, are lower than those for Nemoura 
but they are at the upper end of the range of values reported 
from other surveys. These high genetic distance values are in 
.< 
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agreement with the view that the Plecoptera are an archaic 
order (Rauser, 1971) and that most species pre-date the 
Pleistocene Glaciation (Ill ies, 1965). A crude estimate of the 
time since two lineages separated can be obtained from the 
genetic distance measures. Using the correlation proposed by 
Maxson and Maxson (1979), in which a Nei distance of 1.0 
equals 1~ mi II ion years, the two most closely related species, 
Protonemura meyeri and P. praecox. diverged about 7.5 mi I I ion 
years before present. 
The high genetic distance measures, coupled with the 
low number of inter-locus comparisons, caused some 
difficulties in estimating the phylogeny of this fami Iy. 
Different phylogenetic trees were produced depending on which 
distance measure and which tree generating method was used. 
Nei (1975) has shown that trees generated by the unweighted 
pair group method of analysis (UPGMA) give the best 
performanc~ with data such as this and the UPGMA dendrograms 
gave the best fit to the input data here. This. classification 
is in agreement with the accepted systematics of the 
Nemouridae, derived from morphology. with the fami Iy 
comprising four distinct genera Nemoura. Protonemura, 
Amphinemura and Nemurel la. 
One of the most useful findings of this survey was 
that each species could be easi Iy identified from unique band 
patterns on gels stained for several enzymes. and an 
electrophoretic key was devised to assist species 
identification. This proved to be of value for identifying 
anomalous morphotypes and for differentiating Nemoura cinerea 
and N. dubitans nymphs. These two species are very simi lar in 
external morphology and are difficult for the non-special ist 
.< 
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to separate on morphological grounds. Yet many diagnostic loci 
enable them to be unequivocablyidentlfied by electrophoresis. 
This resolving power means that electrophoresis would be an 
ideal tool to establish whether the two species that were not 
Included In this survey can sti II to be found in Britain. Both 
species are described as rare by Hynes (1977), although 
Nemoura erratlca has been reported from far more locations 
than Protonemura montana, and both are similar in external 
morphology to other species (E. mon~ana resembles P. meyeri 
and P. praecox; ~. erratica resembles ~.cambrica) causing 
identification problems (Bird, 19B3) . Collections were made 
from streams where both species have been reported in the 
past, without success. Fal lure to collect these two species 
could have been caused by patchy distribution .in the streams 
or it is po ss i b I e that these spec i es, part I cu I ar I y P. montana-, 
have become extinct in the years since they were last recorded 
(Kimmins, 19~1; Brown et ~, 196~). However, it also seems 
likely that some records are inaccurate unless 
identifications were confirmed from adult specimens. 
The amount of overal I genetic variabi I ity was low in 
all species relative to other invertebrates (Ferguson, 19BO; 
Nevo, et ~, 198~), though N. cinerea and A. sulcicol I is were 
the two most genetically variable species in the Nemouridae. 
Many di~erent types of explanation have been put forward to 
account for differences in heterozygosity between species but 
in most cases both neutralist or selectionist interpretations 
could account for the obseNations so that there is conclusive 
support for neither. The low genetic variabil ity in Flecoptera 
would have been anticipated by fol lowers of the neutral theory 
of evolution, since the drastic population fluctuations 
( 
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between years that have commonly been observed-In aquatic 
Invertebrates (Hynes, 1970) would produce bottle-necks In 
effective population size. The disjunct distribution patterns 
and poor adult mobil ity in these species means that 
re-colonisation is I ikely to have occurred from a few survivors 
within a stream rather than from another population, so that 
alleles lost during the population crash might not be replaced 
as the numbers recover. An alternative, selectionist, 
interpretation could be that these insects occupy rather 
narrow niches where selection might favour single specialised 
genotypes. This explanation arises from the view that genetic 
diversity is an adaptive strategy to exploit temporally or 
spat ial Iy heterogeneous environments. This 'niche-width 
variation hypothesis' (Somero and Sou le, 197~; Levins, 1976) 
proposes that there is a positive correlation between genetic 
variabi I ity and environmental heterogeneity because the number 
of specifically adapted genotypes increases when more types-of 
niche become avai lable. Support for this hypothesis has come 
from several electrophoretic surveys in vertebrates, 
invertebrates and plants (eg, Lavie and Nevo, 1961; Lac y, 
19B2; Wal I is and Beardmore, 19B~; Nevo et ~, 19B6). 
The higher genetic varlabl I ity of N. cinerea and A. 
sulcicol I is appears to conform with the expectations of the 
niche-width variation hypothesis. These two species have the 
widest temperature tolerances (Brown et ~, 196~) and are 
found in a greater range of environments than the other 
nemourids (Brinck, 19~9; Hynes, 1977). This is especially true 
of N. cinerea which was described as a 'eurycoenic' species 
from its wide distribution in Europe (Rausser, 1971), However, 
an equally plausible explanation is that species which can 
-( 
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survive in the widest range of habitats have the largest 
effective population sizes, since migration between isolated 
upland areas via lowland dralnages is more probable. This 
would constitute a neutral ist interpretation since the number 
of neutral al leles that can be maintained in a population Is 
dependent on its effective size (Klmura and Ohta, 1971). 
Unfortunately, the distribution of Plecoptera In most lowland 
regions of Britain has not been fully investigated (Hynes, 
1977) and Informed estimates of population size can not be 
made. Thus, as is so often the case, the overal I patterns of 
genetic variation in the Nemouridae fit equally wel I with both 
neutralist or selectionist interpretations and do not answer 
the question over the relevance of genetic variation at loci 
coding for enzymes to evolutionary adaptation. 
The Investigation Into inter-population genetic 
variation in N. cinerea did provide clear evidence that 
molecular variation can be influenced by natural selection. 
The HOH-1 90 allele was only present In neutral/alkaline 
(category 2) streams across the whole of Britain, an 
observation that is incompatible with neutral theory. This 
discovery adds to the grow i ng body, of ev i dence, from, numerous 
simi lar studies on a diverse range of organisms, that at least 
some loci coding for soluble enzymes do appear to affect 
fitness (eg. Koehn and Rasmussen, 1967; Schopf and Gooch, 
1971; Clarke, 1975; KoehngJo!l1976, 19BO; Hoffman, 19B1b :; Nevo 
19B2; Smith et ~, 19B3) . The gene frequency 
environment correlations revealed through these ecological 
genetics surveys have frequeni:ly 
relationship between an environmental 
temperature or sal inity 
'< 
and further 
suggested a clear 
factor, such as 
laboratory work has 
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furnished a mechanistic explanation of this variation. 
The classic example of this approach Is the work done 
by Koehn (1969) following up a discovery of an allele 
frequency cllne for esterase with latitude. 
Catostomas clarkl from the Colorado River 
in the fish 
(Koehn and 
Rasmussen. 1967). Temperature was thought to be the most 
I ikely selective factor. and In vitro biochemical studies 
revealed that the prodUct of the allele that reached its 
highest frequency in the north was more active than the 
alternative form at low temperatures. The 'southern' form was 
more active at higher temperatures, Thi~ combIned ecological 
and biochemical strategy is now accepted to be the best way of 
helping to understand the action of natural selection at 
particular loci (Clarke, 1975; Koehn, 1978). However, although 
a strong case for selection has been made through following 
this program in several of the studies cited above, there is 
sti I I a need for caution when extrapolating from the results 
of in vitro studies to explain in vivo observations, This is 
most clearly I I lustrated through the work on the alcohol 
dehydrogenase enzyme (ADH) in Drosophl la me I anogaster. It had 
been widely accepted, following biochemical studies and 
genotype / environment correlations, that high ADH activity 
was selectively advantageous in allowing detoxification and 
uti I isation of alcohol in the natural environment (Clarke, 
1975). However, more recent work (Oakeshott and Gibson, 1981) 
has contradicted this view. The product of the ADH reaction, 
using ethanol as substrate, is acetaldehyde which is more 
toxic than ethanol, so high ADH activity might be 
disadvantageous in high alcohol environments. 
Water chemistry (acidity and conductivity) appeared to 
11~ 
be the most Important environmental factor In relation to 
variation at the HDH-1 locus in ~. cinerea. However, other 
features such as altitude and the nature of the catchment 
could also be Important. 
No In vitro biochemical studies were made to discover 
whether the three HDH-1 al lozymes were functionally different. 
This should be the next step to fulfi I" the criteria proposed 
by Clarke 
explanation 
(1975) and Koehn (197B) to give a complete 
for al le le fre9uency variation. However, 
investigations were carried out to ascertain the physiological 
responses of N. cinerea to a proposed selecting agent 
(acidity). These studies showed that N. cinerea Is highly 
tolerant to acid stress with a 96 hour LC50 of 2.96 to 3.22. 
This helps to explain why ~. cinerea is often one of the 
dominant invertebrates in Europe's acid streams (Otto and 
Svensson, 19B3). However, no difference in acid tolerance was 
detected between specimens collected from an acid stream (site 
15, Thomason's Hollow, mean pH 't.5), where the 90 "allele was 
absent, and an alkaline stream (site 21, Glebe Farm, pH B.O), 
where the 90 allele was in high fre9uency, and there was no 
differential survival of any particular genotype (Chapter 6). 
Also, low pH did not appear to affect the rate of oxygen 
uptake when test water was acidified from pH 7.0 to pH 3.0 
(Chapter 7). The difference in I ife~history between two sites 
in the same catchment seemed to result from a difference in 
annual thermal budget rather than different pH conditions 
(Chapter 3). 
A I though these experiments fai led to show any 
relationship between variation at the HDH-1 locus and pH, 
acidity can not be completely ruled out as a possible 
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selecting agent. Other life stages. such as egg hatching or 
adult emergence. may be more sensitive to low pH than nymphs 
(8el I. 1971) so selection could act through these stages. 
However. no evidence of differential adult emergence was 
observed in the toxicity tests where emergence occured. and 
attempts to culture eggs In the laboratory were unsuccessful. 
Perhaps future work would profit through concentrating on 
these stages. 
Acute toxicity tests have been successfully used to 
demonstrate differential survival among genotypes in other 
organisms (Nevo et ~. 1980: 8urton and Feldman. 1983). 
However. acute toxicity tests use rather extreme conditions so 
that smal I differences in fitness may be masked. This seems 
probable when selection differences often appear to be less 
than 1% from I.boratory studies (Lewontin. 197~). It was. 
therefore. thought that longer term chronic tests might be 
more useful for the detection of differences in survival. 
However. these were unsuccessful due to poor survival in the 
test conditions. Also. the fitness difference of the genotypes 
may not be related to mortal ity at all 
fecundity in some way. 
but may involve 
The close correlation between the altitude. pH and 
conductivity of the streams reflects that geology is the main 
factor which determines the nature of a stream and its 
catchment. AI I the acid streams. with the exception of site 
17. Wareham 2. were in upland areas. where weathering 
resistant rocks have produced base-poor soi Is and run-off with 
a low conductivity and low buffering capacity. The Wareham 2 
stream drained an acid heath area. The altitude and poor soi Is 
meant that deciduous woodland was absent from al I 
< 
the acid 
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stream catchments, the only significant stands in some areas 
being coniferous plantations. In contrast, the 
neutral/alkal Ine streams were in areas where the geological 
conditions have produced soils rich in calcium and magnesium 
50 that run-off has a high pH and buffering capacity. The 
close association between these three factors makes it more 
difficult to isolate anyone factor from the others. Multiple 
regres~on gives further evidence that these three factors are 
al I inter-related, since the correlation coefficient for the 
three combined factors together is not significantly higher 
than that for acidity alone (r = 0.72 for acidity/HDH-1 
fre~uency, r = 0.73 for the combination, p < 0.001). 
The relationship between the environmental factors, 
and the fai lure of the physiological investigations to provide 
any evidence that acidity acts as a selecting agent, means 
that a co~plete mechanistic explanation for the variation at 
the HDH-1 locus is not possible. Several Hypotheses were 
discussed in· chapter 5. However, the most plausible, at this 
stage, appears to be that acidity has an indirect effect 
through altering food 9ual ity, assuming that HDH has a similar 
detoxifying role in N. cinerea to ADH in Drosophi la. This 
seems I ikely because the coarse organic material that forms 
the basis of the diet of N. cinerea breaks down more slowly in 
acid conditions due to a reduction in the numbers and 
diverSity of·micro organisms (Bick and Drews, 1973; Hendrey et 
~, 1976; Dtto and Svensson, 19B3), and the food may be less 
'conditioned' and of poorer nutritlvevalue (Cummins and Klug, 
1979). However, a simi lar difference iri food 9ual ity may arise 
from a difference In catchment vegetation. There may be a 
greater and better 9ual ity input of allochthonous material from 
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deciduous woodland Into category two streams. ~iet has been 
found to have a marked Influence on allozyme variation in 
several invertebrates. In Orosophl la melanogaster significant 
differences in the frequency. of amylase al leles were found 
between populations reared on· different carbohydrates (OeJong, 
et ~, 1972) and the ethanol content pf adult food caused 
differential mortal ity between alcohol dehydrogenase genotypes 
(in Clarke, 1975). In the Lepidopteran, Hel iothis vlrescens, 
significant differences in allele frequencies were observed at 
three loci between larvae reared on different beans (Sluss, et 
197B) and in the water hoglouse, Asel Ius aquaticus 
differences in leaf I itter qual ity appeared to account for 
habitat selection by different amylase genotypes (Christensen, 
1977) . 
Further study of the Charnwood Beacon stream (site 19) 
may help to determine whether lack of 'conditioning' or the 
absence of deciduous trees is most important. The 90 allele 
was present In this woodland stream even though It has a low 
pH during the winter and an impoverished invertebrate 
community, typical of other acid streams (Greenwood et~, 
19B6). (Note that it did have a higher pH and conductivity 
when the sample was collected for electrophoresis.) This could 
be taken as an indication that leaf I itter is essential for 
the survival of individuals with the 90 allele. However, the 
situation is not so simple. N. cinerea was not found at this 
site in 1980 or 1981, but It did occur further down stream 
where the pH and invertebrate community was altered after 
passing through a golf course. Therefore, it is possible that 
the 90 allele was only present in 19B3 due to upstream 
migration from the neutral 'refuge' f·urther down the 
11B 
catchment. 
Thus, a comp.rehens i ve exp I anat i on for the pattern of 
allele frequency variation at the HDH-l locus in N. cinerea is 
not possible at thls.stage. Further work to establ ish whether 
the allozymes are functionally different and, perhaps, to 
extend the number and range of populations in the survey. is 
needed before the picture can be completed. However, the 
observation that the distribution of HDH-l alleles Is 
non-random with respect to stream type indicates that natural 
selection can influence genetic variation at loci coding for 
soluble enzynes, and adds weight to the argument that much of 
this type of variation is not neutral. 
Invest:lgatlons into t:he effect: of po I I ut ion on 
evolutionary change have frequent:ly shown that genetic 
variation is senslt:ive to environmental change. The classic 
examples are industrial melanism in the moth, Biston bet:ularia 
(reviewed by Kettlewel I, 1973) where t:he frequency of melanic 
forms showed a rapid increase in smoke-po I lut:ed areas, and t:he 
select:lbn for heav~-metal tolerance in plants Inhabiting old 
mine workings (Bradshaw, 1970). There is a growing body of 
evidence from.electrophoretlc studies that enzyme diversit:y is 
important:· in t:he adapt:ation of organisms to pollut:ed 
env·i ronment:s (Nevo, 1986) . Much of this work has used a 
'physiologi~al stress.' approach, where differential fitness of 
a I lozymes is detected by screening organisms following acute 
toxicity tests. Differential survival has been found in a 
range of invertebrates including barnacles, crustaceans and 
marine gastropods subjected to thermal and chemical pollution. 
These results were In agreement with the observed allele 
frequency patterns in nature (Nevo, 19B6). The physiological 
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effects of these genetic changes were not examined. However, 
the sensitivity of al lozyme frequencies to pollution suggests 
that they could be used as indicators and monitors of 
pollution (Beardmore, 1::160; Beardmore, et al 1::160; Nevo, 
1::166). Allele frequencies at the HDH-1 locus in N. cinerea 
appear to be re I ated t·o stream water chem i stry, though the 
mechanism of selection Is unclear. It Is possible, therefore, 
that this species could be used as an indicator of 
ac i d i f Lcati on. However. further experimental work would be 
necessary to establ ish a more definite I ink between acidity 
and HDH-l variation before It could be accepted as a reliable 
marker. 
Conclusions 
1) Electrophoresis has shown that the Nemouridae have 
low levels of genetic variation in comparison with other 
invertebrates. There was no clear evidence for either a 
neutral ist or selectionist explanation of this variation 
though it seems I ikely, from ecological reports and a study of 
temporal genetic change (Section 5.~.). that variation has 
been lost during periodic population bottle-necks. 
e) Nemoura cinerea can be found in a wide range of 
stream habitats, ranging from very acid, soft-water, moorland 
streams to a I ka I i ne.· hard-water, low I and dra i nages. Th i s 
species is acid tolerant with a::l6 hour Le-50 of pH e.::Is -
3.ee. Low pH did not appear to have any effect on the rate of 
oxygen uptake in N. cinerea which was around 1000 ~I/g dry 
weight/hour. 
3) Inter-population comparisons of the allele 
frequencies at four polymorphic loci in~. cinerea gave strong 
evidence that natural selection rather than random stochastic 
processes has influenced variation at the HDH-l locus. The ::10 
allele was found only in neutral/alkal ine streams. 
lea 
TABLE B.1. The 
between congeneric 
range of vertebrate. 
species compared. n 
genera. 
Taxa 
GENERAL 
Species 
Genera 
PLECOPTERA 
Nemoura 
Amphinemura 
Protonemura 
Nemouridae 
DIPTERA 
Hawai ian Orosophi la Q. mulleri group 
O. wi I I istoni group 
Aedes mariae complex 
LEPIDOPTERA 
Speyeria 
He I ioth i s 
ORTHOPTERA 
Gryllus 
Troglophi Ius 
COLEOPTERA 
Platynus 
Oendroctonus 
EPHEMEROPTERA 
Epeorus 
mean genetic distances (Nei, 1e7~) 
insect species and the overal I mean from a 
invertebrate and plants. N = number of 
= number of loci, * = comparisons between 
N n ~istance Reference 
B~'t' 
160' 
0.616 Thorpe, 1eB3 
1. ceB .. 
't 16 1. 35B 
C 16 0.530 
C 16 0.670 
9 16 1.Bee" 
B 31 
5 17 
5 31 
e e6 
0.61B 
0.e5e 
1.056 
0.eB3 
10 16 O.lBe 
e le O. B7't 
5 1B 
e 17 
c eO 
10 1B 
0.1't0 
0.37't 
O.Bec 
0.7eO 
't 17 0.55e 
Present Study 
Aya I a. 1e75 
Zouros, 1e73 
Ayala et ~, 1e7't 
Cianchi. et ~. 1e7B 
Brittnacher, et ~ 1e7B 
Sluss. et ~. 1e7B 
Harrison, 1e7e 
Sbordoni, et ~, 1eBl 
Liebherr, 1eB6 
Bentz & Stock, leB6 
Zurwerra, et ~, 1eB't 
1 = number of paired comparisons. 
Table B.1. 
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